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INTRODUCTION 

The g a s i f i c a t i o n  of coa l  with steam and oxygen under e levated pressure  i s  
an e s s e n t i a l  s t e p  i n  the  Bureau of Mines Synthane process f o r  convert ing c o a l  t o  
s y n t h e t i c  p i p e l i n e  gas .  U s e  of a s u i t a b l e  c a t a l y s t  o r  a d d i t i v e  i n  t h e  g a s i f i c a -  
t i o n  s t e p  could conceivably improve the  g a s i f i c a t i o n  of coal. E a r l i e r  i n v e s t i -  
g a t o r s  have catalyzed the  g a s i f i c a t i o n  of coke and carbon wi th  var ious a d d i t i v e s  
and have demonstrated t h a t  some b e n e f i t s  would r e s u l t  from t h e  c a t a l y s i s  of gasi-  
f i c a t i o n  a t  atmospheric pressure.  Vignon (L), f o r  example, showed t h a t  the  per- 
centage of methane i n  water gas made from coke can be increased s i g n i f i c a n t l y  by 
a d d i t i o n  of l i m e  t o  t h e  coke. 
f e a s i b i l i t y  of improving t h e  g a s i f i c a t i o n  of graphi te  a t  450' t o  l,OOOo C through 
a d d i t i o n  of K20, CuO, and o t h e r  salts. Continuation of the  s t u d i e s  by Kroger and 
Melhorn (2) ind ica ted  t h a t  a d d i t i o n  of e i t h e r  8 p c t  Liz0 o r  (8 pct  K20 + 3 p c t  
c0304) t o  low-temperature coke increased steam decomposition a t  temperatures of 
500" t o  700" C. More recent ly ,  Kislykh and Shishakov (5) s tudied  t h e  e f f e c t  of 
Fe(C0)5, (Fe2O3 + CuClz), K2C03, and N a C l  upon fluid-bed g a s i f i c a t i o n  of wood char- 
c o a l  a t  750' C and atmospheric pressure .  They found t h a t  sodium c h l o r i d e  was the 
most e f f e c t i v e  a d d i t i v e ,  a c c e l e r a t i n g  g a s i f i c a t i o n  by 62 pc t  and increas ing  steam 
decomposition 2.5-fold. 

Neumann, Kroger, and Fingas (2) demonstrated t h e  

The work on c a t a l y s i s  reviewed thus f a r  does not include g a s i f i c a t i o n  a t  I _  

e leva ted  pressures  nor  the  use of v o l a t i l e  coals .  The bench-scale work now 
repor ted  compares t h e  c a t a l y t i c  a c t i v i t y  of var ious  a d d i t i v e s  i n  the  g a s i f i c a -  
t i o n  of v o l a t i l e  c o a l s  with steam under pressure  and s t u d i e s  o t h e r  process  param- 
e t e r s  of i n t e r e s t  such a s  g a s i f i c a t i o n  temperature, type of contac t  with the  cat-  
a l y s t ,  degree of g a s i f i c a t i o n ,  and repeated use of a c a t a l y s t .  Resul ts  of p i l o t  
p lan t  g a s i f i c a t i o n  tests using a d d i t i v e s  are a l s o  reported. 

Bench-Scale Studies  

The g a s i f i c a t i o n  t e s t s  were conducted i n  two bench-scale r e a c t o r  u n i t s ,  
u n i t s  A and B. The units were e s s e n t i a l l y  t h e  same; each u n i t  contained an 
e l e c t r i c a l l y  heated r e a c t o r  constructed of a 21-in-long s e c t i o n  of 3/4-in, 
schedule 160 pipe of type 321 s t a i n l e s s  steel. 
contained i n  t h e  middle 6 i n  of t h e  r e a c t o r  t o  minimize the  spread of bed temper-  
a tures .  Alumina c y l i n d e r s  f i l l e d  t h e  void space a t  each end of the  r e a c t o r .  Three 
thermocouples were l o c a t e d  i n  the  6-in r e a c t o r  zone, 112  i n ,  3 i n ,  and 52112 i n  
from t h e  top of the  zone. 
couple and w a s  considered t h e  nominal temperature of t h e  reac t ion .  
bottom bed temperatures w e r e  genera l ly  wi th in  35' C of the maximum temperature. 

The coal-addi t ive charge w a s  

The maximum temperature occurred a t  the  middle thermo- 
The top a n d .  

During a g a s i f i c a t i o n  t e s t ,  t h e  c o a l  charge was g a s i f i e d  by steam, which was 
introduced by s a t u r a t i o n  of the n i t rogen  c a r r i e r  gas. 
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Figure 1 shows a schematic flowsheet of a r e a c t o r  u n i t  and its a u x i l i a r y  
equipment: high-pressure gas  supply, s i l i c a  g e l  and charcoa l  p u r i f i e r s ,  c a l i -  
b ra ted  c a p i l l a r y  meter as feed  gas flow i n d i c a t o r ,  gas s a t u r a t o r  t o  humidify t h e  
feed gas ,  condenser and t r a p  f o r  l i q u i d  product c o l l e c t i o n ,  and gasometer f o r  
metering and c o l l e c t i n g  of t o t a l  product  gas. 
a back-pressure regula tor .  
wi th in  2 0.6" C by a chromel-alumel thermocouple c o n t r o l  system. 

Reactor pressure  w a s  c o n t r o l l e d  by 
Temperature of t h e  gas  s a t u r a t i o n  w a s  cont ro l led  

Analyses of dry product gases  w e r e  done by mass spectrometer  a s  w e l l  a s  gas 
chromatography. The l i q u i d  product about 95 pct  water ,  was drained and weighed. 

Coal Used 

The c o a l  charged i n  a l l  t h e  tests discussed i n  t h i s  repor t  was  a s i n g l e  batch 
of h igh-vola t i le  bituminous c o a l  (Bruceton, Pa.) t h a t  had been p r e t r e a t e d  a t  450" C 
with a steam-air mixture t o  des t roy  its caking q u a l i t y .  The p r e t r e a t e d  c o a l  w a s  
crushed and sieved t o  a p a r t i c l e  s i z e  of 20 t o  60 mesh. Proximate and u l t i m a t e  
analyses  of t h e  p r e t r e a t e d  c o a l  are.shown i n  t a b l e  1 below, i n  weight percent :  

TABLE 1.. - Analyses of p r e t r e a t e d  coa l  used .for feedstock 

Proximate U l t i m a t e  
Moisture 1.5 Hydrogen 3.9 
Vola t i le  22.4 Carbon 74.3 
Fixed carbon 65.5 Nitrogen 1.5 

Sul fur  1.0 
Ash - 10.6 

Ash 10.6 Oxygen 8.7 

Standard G a s i f i c a t i o n  Tests f o r  Screening Addit ives  

Standard g a s i f i c a t i o n  tests were conducted i n  u n i t s  A and B t o  determine the  
e f f e c t  of var ious  a d d i t i v e s  upon rate of carbon g a s i f i c a t i o n ,  rate of gas produc- 
t i o n ,  and o t h e r  g a s i f i c a t i o n  parameters. 

I n  u n i t  A, the s tandard  g a s i f i c a t i o n  tests using var ious  c a t a l y s t s  were made 
a t  the  s e l e c t e d  opera t ing  condi t ions  of 850" C, 300 p s i g ,  and 5.8 g/hr  steam feed 
c a r r i e d  by 2,000 cm3 Ng/hr. 
c a t a l y s t s  were e i t h e r  powders or c r y s t a l s  t h a t  w e r e  admixed w i t h  t h e  c o a l  except  
i n  the case  of experimed203. In experiment 203, a metal  tubular  i n s e r t  was flame- 
spray coated wi th  about  10 g of unact ivated Raney n icke l ,  then i n s e r t e d  i n  the coa l  
bed. In emeriment  200: the Rnnpy n i c k e l  PII+_B~;~_E+_ pevder v ~ c  :=:2,-::;2 o r  q p r c x -  
imately 65 p c t  reduced by t reatment  with 2 p c t  sodium hydroxide so lu t ion .  
reduced a c t i v a t e d  s t a t e ,  t h e  c a t a l y s t  was dr ied ,  mixed wi th  coa l ,  and charged i n t o  
t h e  u n i t  under an inert  atmosphere of ni t rogen.  

The c o a l  charge was 10 g p l u s  0.5 g of c a t a l y s t .  A l l  

In t h e  

Reaction time, a t  the  d e s i r e d  r e a c t i o n  temperature, was h e l d  constant  a t  4 hrs .  

Steam f low was not s t a r t e d  u n t i l  bed temperature exceeded 200' C. 
An a d d i t i o n a l  heat-up t i m e  of about 40 min was needed t o  reach t h e  des i red  r e a c t i o n  
temperature. 
Conditions i n  u n i t  B were t h e  same as i n  unit  A except  t h a t  the  steam rate w a s  
s l i g h t l y  lower a t  5.0 g/hr .  
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Generally, tests were conducted i n  t r i p l i c a t e  o r  h igher  r e p l i c a t i o n .  The 
average devia t ions  i n  carbon g a s i f i c a t i o n  r a t e  determinat ions genera l ly  ranged 
from 1 t o  5 pc t .  

The experimental r e s u l t s  of the  screening tests conducted i n  u n i t  A are 
presented i n  t a b l e s  2a  and 2b; and f o r  u n i t  B,  are presented i n  t a b l e s  3a and 3b. 
The s p e c i f i c  gas production r a t e s  and g a s i f i c a t i o n  r a t e s  presented a r e  based on 
the  approximate 4-hr r e a c t i o n  t i m e  a t  850" C. The r e s u l t s  i n d i c a t e  t h a t  methane 
production r a t e s  as w e l l  as carbon g a s i f i c a t i o n  rates can be increased s i g n i f i -  
can t ly  by admixing c e r t a i n  compounds with t h e  coa l  feed.  

The rate of carbon g a s i f i c a t i o n  f o r  the  uncatalyzed c o a l  w a s  about 10 pct  
higher i n  u n i t  A than i n  u n i t  B (experiment 167 vs 300). The s l i g h t l y  higher  
steam rate i n  u n i t  A i s  suspected a s  t h e  cause of t h e  h igher  r e a c t i o n  rate. Be- 
cause of t h i s  d i f f e r e n c e  i n  absolu te  r a t e s ,  the  percent  i n c r e a s e s  achieved i n  gas- 
i f i c a t i o n  r a t e s  and gas production rates due t o  a d d i t i v e s  were r e l a t e d  only t o  
r a t e s  obtained i n  the  g a s i f i c a t i o n  of t h e  uncatalyzed c o a l  i n  t h e  same u n i t .  Shown 
i n  t a b l e  4 a r e  t h e  r e l a t i v e  e f f e c t s  of 40 a d d i t i v e s  upon the  product ion of methane 
and hydrogen; and shown i n  t a b l e  5 a r e  t h e i r  r e l a t i v e  e f f e c t s  upon the  production 
of carbon monoxide and t h e  g a s i f i c a t i o n  of carbon. The a d d i t i v e s  are l i s t e d  i n  
decreasing order  of percent  increased  production. The corresponding r e a c t o r  u n i t  
used ( e i t h e r  A o r  B) i s  a l s o  l i s t e d .  

Table 4 shows t h a t  a t  s tandard  test condi t ions ,  a l l  t h e  a d d i t i v e s  l i s t e d  

The sprayed Raney n i c k e l  c a t a l y s t  
except ZnBr2 increased methane production and t h a t  a l l  t h e  t e s t e d  a d d i t i v e s  in- 
creased hydrogen product ion s i g n i f i c a n t l y .  
increased methane production by 24 p c t  and was the m o s t  e f f e c t i v e  m a t e r i a l  f o r  
promoting methane production. 
ing methane production w e r e  LiCO3, Pb304, and Fe3O4 with respec t ive  methane in- 
creases  of 2 1 ,  20, and 18 pc t .  

The next  t h r e e  m a t e r i a l s  ranking h i g h e s t  i n  promot- 

A comparison of t h e  methanation a c t i v i t y  of z i n c  oxide with t h a t  of z inc  bro- 
m i d e  i n d i c a t e s  t h a t  the  anion group of a c a t a l y s t  can e x e r t  s i g n i f i c a n t  in f luence  
on the a c t i v i t y .  

As shown i n  t a b l e  4 ,  the  a l k a l i  metal  compounds proved t o  be among the  b e s t  
The percent  i n c r e a s e  i n  hydrogen produced was promoters of hydrogen production. 

105, 83, 55, and 53 p c t ,  respec t ive ly ,  with the  a d d i t i o n  of KC1, K2CO3, LiCO3, and 
NaC1. 
production y ie ld ing  a hydrogen increase  of 63 pct .  

The sprayed Raney n i c k e l  was the  t h i r d  most e f f e c t i v e  promoter of hydrogen 

Table 5 shows t h a t  the  a l k a l i  metal  compounds K2CO3, K C 1 ,  and L i C O 3  gave the  

The compound NaCI providea a-s igi i iTicant  
g r e a t e s t  increase  i n  carbon monoxide production as  w e l l  a s  i n  carbon g a s i f i c a t i o n ;  
the increases  ranged from 40 t o  91 pct .  
increase  of 31 p c t  i n  carbon g a s i f i c a t i o n  but  was  much l e s s  e f f e c t i v e  i n  increas ing  
the  production of carbon monoxide (7-pct increase) .  

A s  shown i n  t a b l e s  2b and 3b, the  u n i t  hea t ing  va lues  of the  t o t a l  product 
gases genera l ly  decreased as  a r e s u l t  of mixing a d d i t i v e s  wi th  t h e  c o a l  bu t ,  s i n c e  
the t o t a l  gas make w a s  increased,  t h e  t o t a l  amount of f u e l  va lue  produced as product 
gas increased.  

Two methods of applying catalyst--by admixing with t h e  c o a l  o r  by coat ing the 
sur face  of an i n s e r t  o r  carrier--may be compared i n  the  case of unact ivated Raney 
n icke l  c a t a l y s t  (experiments 203 and 197). 
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TABLE 4 .  - Increase i n  the production o f  methane and hydrogen 

Increase  
i n  

C a t a l y s t  Unit CHq.PCt, 

Raney n icke l ,  
unact ivated spray 

LiC0'3 

Pes04 
Pb304 

, MgO 
PbO2 
S r O  
T i 0 2  

B203 
C U O  
ZnO 

N i  
Zr02 

c r203 

A 1 2 9  

Sb205 
c r 9  
v205 
Raney n i c k e l  
. unact ivated mix 
BaO 
MOQ3 
N t C  12' 6H20 
Ca (OH) 2 
c o o  
N is 04 6H& 
moa 

Biz% 
N i O  
cu,o 
KC 1 
K&o3 
N i 2 9  

. NaCl 

Raney n icke l  

Fe 
SnO, 
ZnBr 

a c t i v a t e d  mix 

A 24 
B 21 
B 20 
B 18 
B 17 

B 1 7  
B 16 
B 16 
B 16 
B 15 
A 14 
B 14 
B 13 
B ' 13 
B 13 
B 13 
B 13 

A 12 
B 12 
B 12 
A 11 
B 11 
B 11 
A 10 
B 10 
A 9 
B 9 
B 8 
B 8 
.- A I 
A 6 
B 5 

A 4 
A 4 
A 1 
A -3 

B ' 17 

KCl 
K&% 
Raney nlckel  

L i C h  
unac t i v a  ted  spray 

NaC 1 
Raney nickel  

N i C  1,. 6H20 
Pb02 
ZnO 
P b 0 4  
SrO 
B2Q3 
c u,o 

a c t i v a t e d  mix 

c uo 
BaO 
Sb2O5 
MOO3 
coo 
B i z 4  
ZnBr , 
Hiso 
Ti02 
NiS04 6H& 
Fe2.04 

N I O  
A1203  

CrQ3 
h O 2  
Zr02 
Raney n icke l  
- uniictivaced mix 
N i  2% 
N i  
SnO, 
V&5 
cr2% 
Ca ( O H 1 2  
F e. 

A 105 
A 83 

A 63 
B ' 55 
A 53 

A 46 
A 43 
B 43 
A 40 
B 39 
B 38 
B 38 
B 38 
B 37 
B 37 
B 37 
B 37 
B 37 
B 36 
A 35 
B 35 
B 34 
A 33 
B 33 
B 33 
B 32 

B 31 
B 31 

A 30 
B 29 
B 29 
A 28 

B 2.5 
B 22 
A 16 

B . 32 

B 28 

Increase  In 
H2 produced, 

n - C  C a t a l v s t  - uni t  C C L  
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TABLE 5. - Increase i n  production of  carbon monoxide and g a s i f i c a t i o n  of 
carbon . 

Increase Increase  i n  
i n  CO carbon g a s i -  

C a t a l y s t  Unit produced,pct Cata lys t  Unit f i e d ,  p a  

K 2 C  03 A 
KC 1 A 
L i C O 3  B 
B i 2 0 3  B 
Sb&5 B 
B 2 0 3  B 
Fe304 B 
Cr203 B 
Zr02 B 
Pb304 B 
c uo B 
A1203 B 
N i  B 
C U B 0  B 
PbO2 B 
cr03 B 
N i O  B 
Ba 0 B 
Ti02 B 
coo B 
MgO B 
v205 B 
Mno2 B 
Moo3 B 
N i 2 0 3  B 
S r 0  B 
Raney n icke l ,  un- 

a c t i v a t e d  spray A 

NaC 1 A 
Raney n icke l ,  un- 

a c t i v a t e d  mix A 
ZnO A 

ZnBr2 A 

N i C  1,. 6H20 A 
N i S O +  -6H20 A 

Ca(0H); B 

Sn02 A 

Raney n icke l  
a c t i v a t e d  mix A 

Fe A 

91 
81 
72 
6 9  
69 
62 
60 
55  
53 
52 
49 
45 
42 
41 
40 
39 
38 
30 
30 
29 

27 
21 
19 
16 
15 

8 
8 
7 

2a 

5 
5 
4 

-3 

-4 
-15 
-21 
-24 

KC 1 A 
K2C 03 A 
L i C  03 B 
NaC 1 A 
Pbs 04 B 
BaO B 
B 2 0 3  B 
PbOg B 
Biz03 B 
cr203 B 
Sbz05 B 
ZnO A 
SrO - B 
N i C l  6H20 A 
MgO B 
F e d 4  B 
c uo B 
zr02 B 
T LO2 B 
c-3 B 
A 1 2 0 3  B 
NI'S04.6H20 A 
Mn02 B 

C U 2 0  B <  
coo  B 

Raney Oickel 
a c t i v a t e d  mix A 

N i 0  B 
Raney n icke l  

unact ivated mix A 
N i  B 
MOO3 B 
v205 B 
ZnBr, A 
N i 2 0 3  B 

a c t i v a t e d  spray  A 
Sn02 A 
Ca(OH)2 B 

Raney n icke l ,  un- 

Fe A 

66 
62 
40 
31 
30 
28 

27 
26 
26 
26 
26 
25 
24 
23 
23 
22 
22 
22  
22 
22 
2 1  
2 1  
2 1  
21 

2a 

20 
20 

19 
19 
19 
19 
17 
14 

. l o  
10 
9 
6 
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Admixing of the c a t a l y s t  wLth th.e coa l  provides  b e t t e r  contact  betweea 
coa l  and c a t a l y s t  than does t h e  i n s e r t i o n  of ca ta lyzed  sur faces  i n t o  the  bed 
of coal .  The super ior  c o n t a c t  achieved by admixing t h e  c a t a l y s t  and coa l  is 
proven by t h e  higher s p e c i f i c  rate of carbon g a s i f i c a t i o n  obtained by the  ad- 

' mixed Raney n i c k e l  (unac t iva ted)  i n  experiment 197 over t h a t  of sprayed Raney 
n i c k e l  (unact ivated)  i n  experiment 203 ( t a b l e s  2a and 2b). This is f u r t h e r  
confirmed a n a l y t i c a l l y  by t h e  l a r g e r  amount of carbon l e f t  i n  t h e  res idue  i n  the  
case of t h e  sprayed Raney n i c k e l  c a t a l y s t .  

Table 2a i n d i c e t e s  + h i t  the Kiney n i c k e l  (--ecfivntcd) cataljjst v86 iiieie 
e f f e c t i v e  i n  promoting methane product ion when sprayed on a s u r f a c e  than when i t  
was admixed with the  c o a l  charge. Apparently, t h e  process  of methane synthes is  
from CO and H2 was more e f f e c t i v e l y  promoted by t h e  sprayed Raney n i c k e l  [unacti- 
vated)  c a t a l y s t .  
the  case of t h e  sprayed Raney n i c k e l  (unact ivated)  c a t a l y s t  is t h a t  t h e  poorer  con- 
t a c t  between coa l  and c a t a l y s t  r e s u l t e d  i n  less reforming of methane and o ther  hydro- 
carbons. Hydrogen product ion w a s  a l s o  g r e a t e r  when t h e  sprayed Raney n i c k e l  (unact i -  
vated)  c a t a l y s t  was used than when Raney n i c k e l  (unact ivated)  w a s  admixed wi th  the  
coal. 

Another p o s s i b l e  reason f o r  t h e  grea tex  product ion of methane in  

E f f e c t  of Temperature and Steam Rate 

Gas i f ica t ion  experiments similar t o  t h e  s tandard  tests were conducted i n  

The c a t a l y s t  used w a s  flame-sprayed 
u n i t  A,  except  t h a t  the  r e a c t i o n  temperatures w e r e  var ied  from 650' t o  950' C and 
steam r a t e s  used were 1.16 and 5.8 g/hr .  
Raney n i c k e l  65 p c t  a c t i v a t e d .  Also, tests w e r e  conducted a t  750" C and 1.16 g/hr  
steam r a t e  wi th  sprayed Raney n i c k e l  a c t i v a t e d  and charged w e t  and a t  850' C,  and 
5.8 g/hr  steam rate with sprayed Raney n i c k e l  unact ivated.  

Resul ts  of these experiments are presented i n  f i g u r e s  2, 3, 4, 5, and 6, 
where rates of production of methane, hydrogen, carbon monoxide, carbon gas i f ica-  
t i o n ,  and product ion of t o t a l  dry gas, r e s p e c t i v e l y ,  a r e  shown. A t  the  temperatures 
and steam rates shown i n  t h e s e  f i g u r e s ,  t h e  presence of t h e  sprayed Raney n i c k e l  
i n s e r t  has r e s u l t e d  i n  a h i g h e r  product ion of near ly  a l l  t h e  major gases and i n  a 
h igher  carbon g a s i f i c a t i o n  than t h a t  achieved without  c a t a l y s t s .  One except ion is 
i n  the  case of methane product ion with t h e  a c t i v a t e d  sprayed Raney n i c k e l  a t  850' 
and 950' C f o r  5.8 g /hr  steam rate ( f i g .  21, when methane product ion was g r e a t e r  
f o r  the  uncatalyzed r e a c t i o n  than f o r  t h e  catalyzed reac t ion .  
i n c r e a s e  i n  methane product ion was achieved a t  850' C and 5.8 g/hr  steam r a t e  when 
the  unac t iva ted  s p r a y e d  Raney n i c k e l  was used as compared t o  when no c a t a l y s t  was 
used ( f i g .  2).  The o t h e r  except ion is in the  product ion-of  carbon monoxide a t  950' C 
and 1.16 g /hr  steam rate ( f i g .  4). I n  t h i s  case, carbon monoxide product ion was 
5 p c t  lower f o r  the catalyzed r e a c t i o n  than f o r  the  uncatalyzed reac t ion .  

HoweGer, a 6-pct 

I n  genera l ,  e f f e c t i v e n e s s  of t h e  c a t a l y s t  decreases  as temperature is increased.  
For example, t h e  increases  achieved i n  carbon g a s i f i c a t i o n  and i n  t o t a l  gas produc- 
t i o n  due t o  t h e  use of c a t a l y s t  became smal le r  as t h e  r e a c t i o n  temperature increased 
from 750' t o  950' C (Figs. 5 and 6). I n  the 5.8 g/hr  steam r a t e  tests, t h e  carbon 
g a s i f i c a t i o n  rate a t  750' C w a s  increased  by 0.017 g /hr /g  c o a l  charged f o r  a 33-pct 
increase ,  whereas a t  950' C t h e  i n c r e a s e  in carbon g a s i f i c a t i o n  was n e g l i g i b l e  a t  
an increment of 0.001 g /hr /g  c o a l  charged. 
increased  43  p c t  a t  750' C and 10 p c t  a t  950' C. 

S i m i l a r l y ,  t o t a l  gas product ion w a s  

10 
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A s  shown by t h e  gas  production and carbon g a s i f i c a t i o n  rates presented 
i n  f i g u r e s  2 through 6, f o r  r eac t ion  temperatures of 750" C and higher ,  the  
higher  steam feed r a t e  of 5.8 g /h r  r e s u l t e d  i n  s i g n i f i c a n t l y  higher production 
rates over t h a t  achieved a t  t he  lower steam rate of 1.16 g /h r .  

Repeated U s e  of Sprayed Raney Nickel Ca ta lys t  

To determine the  s t a b i l i t y  of sprayed Raney n i c k e l  c a t a l y s t ,  a s i n g l e  i n s e r t  
flame-sprayed w i t h  Raney n i c k e l  c a t a l y s t  was  subjected t o  fou r  g a s i f i c a t i o n  tests 
a t  750° C,  300 ps ig ,  and a steam rate of 1.16 g lh r .  The r e s u l t i n g  gas production 
rates are shown i n  f i g .  7; a l s o  shown i s  the  base case ,  with no c a t a l y s t  i n s e r t e d  
i n  the  bed. 

Gas production rates presented i n  f i g u r e  7 i n d i c a t e  t h a t  t he  a c t i v i t y  of t he  
The gas produc- 

An ex t r apo la t ion  of t he  t o t a l  gas production 

sprayed Raney n i c k e l  c a t a l y s t  i n s e r t  decreased r a p i d l y  with use. 
t i o n  of t h e  fou r th  tes t  (17.8 h r  s e r v i c e ) ,  w a s  only about 10 pc t  g r e a t e r  than t h a t  
obtained when no c a t a l y s t  w a s  used. 
rate as a funct ion of accumulated s e r v i c e  t i m e  on one c a t a l y s t  i n s e r t  i n d i c a t e s  
t h a t  t he  c a t a l y s t  i n s e r t  would be completely i n e f f e c t i v e  after about 20 h r s  of 
operat ion.  Considerable flaking-off of the  c a t a l y s t  i s  apparent;  thus the  need 
is  ind ica t ed  f o r  an e f f e c t i v e  bonding agent  o r  a l loy ing  substance t h a t  w i l l  in- 
crease the  phys ica l  d u r a b i l i t y  of t h e  c a t a l y s t .  Su l fu r  compounds g a s i f i e d  from 
the  coa l  are a l s o  suspected of poisoning the  n i c k e l  c a t a l y s t  and r e s u l t i n g  i n  the  
dec l ine  i n  a c t i v i t y  wi th  t i m e .  

E f f e c t  of Extent of Gas i f i ca t ion  Time 

A series of tests were conducted t o  determine whether c a t a l y s t s  remain e f f ec -  
t i v e  as t h e  e x t e n t  of g a s i f i c a t i o n  inc reases .  Sprayed Raney n i c k e l  inserts and CaO 
powder were subjected t o  t h e  s tandard test condi t ions of 850° C ,  300 p s i g ,  5.8 g/hr  
steam rate  bu t  with g a s i f i c a t i o n  t i m e s  varying from 2 t o  8 h r s .  The abridged re- 
s u l t s  presented i n  t a b l e  6 show t h a t  although the  o v e r a l l  ra te  of g a s i f i c a t i o n  de- 
c reases  with e x t e n t  of g a s i f i c a t i o n  o r  with t h e  length of time of g a s i f i c a t i o n ,  
t he  c a t a l y s t s  t e s t e d  s t i l l  gene ra l ly  increased the  ra te  of carbon g a s i f i c a t i o n ,  
and the  rate of gas production, as ind ica t ed  by CH4 production, over  t h a t  achieved 
with no c a t a l y s t .  

TABLE 6. - E f f e c t  of e x t e n t  of g a s i f i c a t i o n  time'upon 
o v e r a l l  e f f ec t iveness  of c a t a l y s t  

Unit A. - Temperature, 850° C ,  N2 flow, 2000 s t d  cc fh r ;  
steam rate,  5.8 g/hr  

CHq product ion Carbon g a s i f i c a t i o n  
Gas i f i ca t ion  t i m e ,  R r  2 6 2 6 

Rates with no c a t a l y s t  53.3 cc /h r /g  28.6 cc fh r fg  0.087 g /h r /g  0.062 g/hr /g  
Rates wi th  CaO 56.9 cc /h r /g  30.7 cc /h r /g  .090 g /h r /g  .062 g /h r /g  

Rates with sprayed 

Increase due t o  Raney 

Increase due t o  CaO 7 p c t  7 p c t  3 p c t  0 p c t  

Raney n i c k e l  c a t a l y s t  70.9 c c f h r f g  38.3 cc/hr /g  .093 g/hr /g  .063 g/hr /g  

n i c k e l  33 p c t  34 p c t  7 p c t  2 pc t  
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Effec t  of Residues from C a t a l y t i c  Gas i f ica t ion  

The c a t a l y t i c  e f f e c t i v e n e s s  of ash residues (some contain e i t h e r  r e s i d u a l  
KC1 or  K2C03) from t o t a l  g a s i f i c a t i o n  opera t ions  were t e s t e d  and compared wi th  
t h e  e f f e c t i v e n e s s  of t h e  f r e s h  a d d i t i v e ,  KzCO3 and KC1. 

The g a s i f i c a t i o n  res idues  were prepared by nominally complete steam-gasifica- 
t i o n  of coa l  i n  a 1- in  diameter e l e c t r i c a l l y  heated,  v e r t i c a l l y  mounted s t a i n l e s s -  
s t e e l  r e a c t o r .  The coa l  charge cons is ted  of 70 g of p r e t r e a t e d  Bruceton coa l  plus  
3.5 g of  admixed c a t a l y s t ;  t h e  charge was  g a s i f i e d  a t  950" t o  970' C and atmospheric 
p r e s s u r e  using a steam feed rate of 45 g/hr .  
stopped whenever the flow of dry product gas appeared t o  cease. Carbon and ash con- 
t e n t  o f  the p r e t r e a t e d  coa l  and of res idues  a f t e r  t o t a l  g a s i f i c a t i o n  and residue 
analyses  a r e  presented i n  t a b l e  7 .  The ash analyses  show t h a t  ash from the  cata-  
lyzed c o a l s  contained s i g n i f i c a n t l y  l a r g e r  amounts of potassium than did the ash of 
uncatalyzed coal .  

The preparatory g a s i f i c a t i o n  s t e p  w a s  

In the  s tandard screening  t e s t s  conducted i n  u n i t  A,  the  amount of res idue  ad- 
mixed wi th  the  10-g c o a l  charge was one-seventh of the  res idue  from t h e  t o t a l  gasi-  
f i c a t i o n .  Thus, a t h e o r e t i c a l  equivalent  of 0 .5  g of the  o r i g i n a l  3.5 g of c a t a l y s t  
w a s  charged with the c o a l  i n  t h e  s tandard screening t e s t .  Production r a t e s  obtained 
i n  the s tandard  screening tests a r e  presented i n  t a b l e  8 f o r  the  case of p l a i n  pre- 
t r e a t e d  coa l ,  f o r  the cases of addi t ion  of c a t a l y s t - f r e e  res idue ,  pure K2CO3 and K C 1 ,  
and f o r  the  addi t ion  of r e s i d u e s  from t h e  t o t a l  g a s i f i c a t i o n  of the c o a l s  admixed 
with K2CO3 and KC1. 

The r e s u l t s  of the  tests on res idues  from t o t a l  g a s i f i c a t i o n  of c o a l  i n d i c a t e  
t h a t  potassium compounds, K2CO3 and KCL, i n  t h e  res idues  r e t a i n e d  most of t h e i r  a c t i -  
v i t y  i n  increas ing  the  product ion of methane, l o s t  p a r t  of t h e i r  c a p a b i l i t y  of in- 
c reas ing  hydrogen product ion,  and i n h i b i t e d  carbon monoxide production. The a d d i t i o n  
of 1.14 g of ca ta lys t - f ree  res idue  had very l i t t l e  e f f e c t  on e i t h e r  methane o r  t o t a l  
gas product ion (experiment 220 vs 167). 

P i lo t -P lan t  T e s t s  

Tests using addi t ives  mixed i n  the coal  feed were conducted i n  t h e  Bureau's 
4-in diameter Synthane g a s i f i e r  system. 
a f luidized-bed p r e t r e a t e r  and then dropped i n t o  the fluidized-bed g a s i f i e r  f o r  
steam-oxygen g a s i f i c a t i o n .  
o t h e r s  (5). 

I n  t h i s  system, c o a l  is f i r s t  decaked i n  

The general  operat ion has been described by Forney and 

Ranges of p r e t r e a t e r  and g a s i f i e r  condi t ions used i n  t h i s  s e r i e s  of t e s t s  were 
as fol lows:  

P r e t r e a t e r  G a s i f i e r  

----- ---- Coal r a t e ,  l b / h r  17.8 - 21.2 

N 2  feed,  s c f / l b  c o a l  5.4 - 6.2 

Av. temp., O C  3aa 515 907 - ,945 

02 feed,  s c f / l b  c o a l  .31 - .37 2.12 - 3.4 

Steam feed, s c f / l b  c o a l  ----- ----- 
----- ---- 
19.6 - 25.4 

P r e t r e a t e r  and g a s i f i e r  p r e s s u r e  w a s  40 atm. 

1 
I 
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To a l l e v i a t e  opera t ing  d i f f i c u l t i e s  i n  the p r e t r e a t e r  due t o  unwanted s t e a m  
condensation, a n i t rogen  gas  feed was s u b s t i t u t e d  f o r  t h e  steam feed  of t h e  ere- 
t r e a t e r .  

The coal  feed  w a s  I l l i n o i s  N o .  6, River King Mine, 20 x 0 mesh s i z e .  Addit ives  
used were hydrated l i m e  and dolomite, and a d d i t i v e  concent ra t ions  used i n  t h e  c o a l  
feed mixtures  were 5 and 2 p c t  by weight, r e spec t ive ly .  The analyses  and s i z e s  of 
the  add i t ives  w e r e  a s  follows: 

Hydrated lime: minimum CaO, 72 w t  p c t  
minimum MgO, .05 w t  p c t  
95 p c t  less than 325 mesh, and 

Dolomite : CaC03, 55 w t  p c t  
MgCO3, 44 w t  p c t  
85 p c t  less than 100 mesh 

Resul t s  

The e f f e c t  of the  add i t ives  upon the  pe rcen t  carbon g a s i f i e d  and percent  steam 
decomposed can be seen i n  f i g u r e  8 f o r  g a s i f i c a t i o n  temperature i n  t h e  900' t o  950' C 
range. Addition of 5 p c t  of e i t h e r  hydrated l ime o r  dolomite t o  t h e  coa l  r e s u l t e d  i n  
s i g n i f i c a n t  increases  i n  carbon g a s i f i e d .  
i n  an inc rease  i n  carbon g a s i f i e d  of about 29 p c t  a t  an average g a s i f i c a t i o n  tempera- 
t u r e  of 914" C. Addi t ion of 5 p c t  dolomite gave a 20-pct i nc rease  i n  carbon gas i f i ed  
a t  945" C.  These increases  compare favorably wi th  the  9-pct increase  obtained i n  the  
850' C bench-scale test l i s t  using 5-pct a d d i t i o n  of hydrated lime. 

The 2-pct add i t ion  of dolomite d id  not  s i g n i f i c a n t l y  increase  t h e  percent  carbon 

The 5-pct hydrated l ime add i t ion  r e su l t ed  

gas i f i ca t ion .  

Steam decomposition was not  s i g n i f i c a n t l y  increased  by e i t h e r  dolomite or  hydrat- 
ed lime a t  the  2- and 5-pct l e v e l s ,  r e spec t ive ly .  

The e f f e c t  of the  add i t ive  upon y i e l d  of hydrogen and methane i n  t h e  p i lo t -p l an t  
u n i t  i s  shown i n  f i g u r e  9. A t  an  average g a s i f i c a t i o n  temperature of 914" C ,  add i t ion  
nf 5 p c t  hydrated l i m e  i n  the  c o a l  feed  increased  t h e  hydrngen y i e l d  approximazel: 
30 p c t  from 6.25 t o  8.1 s c f / l b  of moisture-and-ash-free c o a l  feed. ' A  s i m i l a r  i nc rease  
of 1 7  p c t  was obta ined  by t h e  use  of 5 p c t  dolomite  i n  t h e  c o a l  feed  a t  945" C average 
g a s i f i c a t i o n  temperature. Such s i g n i f i c a n t  i nc reases  i n  hydrogen product ion were a l s o  
observed i n  t h e  bench-scale tests. 

The y i e l d  of methane was increased  s i g n i f i c a n t l y  by 25 p c t  a t  914" C average gasi-  
f i c a t i o n  temperature through t h e  add i t ion  of 5 p c t  hydrated l i m e .  The use of 5 p c t  
dolomite a t  945' C g a s i f i c a t i o n  temperature brought no s i g n i f i c a n t  i nc rease  i n  methane 
y i e l d .  
i f i c a t i o n  temperature (945' C) agrees  with t h e  genera l  t rend  observed on bench-scale 
t e s t s - - tha t  t h e  increase  i n  gas  y i e l d  due t o  c a t a l y s e s  decreases  wi th  inc rease  i n  
temperature. 

Fa i lu re  of c a t a l y t i c  a c t i o n  t o  inc rease  t h e  y i e l d  of methane a t  t h e  h igher  gas- 

The e f f e c t  of add i t ives  upon t h e  y i e l d  of carbon monoxide is shown i n  f i g u r e  10. 
Addit ion of hydrated lime and dolomite a t  t h e  5-pct concent ra t ion  l e v e l s  brought re- 
spec t ive  increases  of 23 and 26 p c t  i n  y i e l d  of  carbon monoxide. 
l a r  i nc reases  i n  product  gas  y i e l d  (CO + H2 + CHq), f o r  the  same addi t ions .  

F igure  11 shows s i m i -  
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Addition of dolomite a t  t h e  2-pct l e v e l  f a i l e d  t o  b r i n g  any s i g n i f i c a n t  in-  
c rease  i n  y i e l d s  of methane, hydrogen, o r  carbon monoxide. 

Other r e s u l t s  i n  p i l o t - p l a n t  operat ion due t o  t h e  use of dolomite and hydrated 
l i m e  a t  t h e  2- and 5-pct concent ra t ion  l e v e l s ,  r e s p e c t i v e l y ,  are t h a t  higher  peak 
temperatures could be t o l e r a t e d  i n  t h e  g a s i f i e r  without  i n c u r r i n g  excessive s i n t e r i n g .  
With no a d d i t i v e  i n  t h e  coal ,  i f  a l o c a l  temperature i n  t h e  g a s i f i e r  exceeded 1000' C y  
the  opera t ion  genera l ly  would terminate  because of excess ive  s i n t e r i n g  or s lagging  of 
the char  ash. With the  a d d i t i v e s  i n  t h e  coa l ,  l o c a l  temperatures as high as 1045' C 
were encountered with no adverse e f f e c t  on operat ions.  A ni~ilar elevetior: ir. siriter- 
i n g  temperature induced by t h e  addi t ion  of limestone t o  t h e  feed c o a l  is reported t o  
be a key f e a t u r e  of t h e  high-temperature Winkler process  (5). 

SUMMARY AND CONCLUSIONS 

The o v e r a l l  r e s u l t s  of t h e  bench-scale i n v e s t i g a t i o n  suggest  t h a t  t h e  use of 
s u i t a b l e  a d d i t i v e s  would improve t h e  coa l  g a s i f i c a t i o n  r e a c t i o n  a t  e leva ted  pressures .  
I n  connection with poss ib le  b e n e f i t s  t o  the Synthane process  f o r  making high-Btu gas ,  
i t  appears t h a t  appropr ia te  a d d i t i v e s  could s i g n i f i c a n t l y  increase  production o f  
methane and hydrogen i n  the  g a s i f i c a t i o n  s tep.  

The bench-scale s tudy t h u s  f a r  has shown the following: 

1. A l k a l i  metal compounds and many o ther  materials such as oxides  of i r o n ,  
calcium, magnesium, and zinc s i g n i f i c a n t l y  increase  t h e  r a t e  of carbon g a s i f i c a t i o n  
and the  production of d e s i r a b l e  gases  such a s  methane, hydrogen, and genera l ly  carbon 
monoxide during steam-coal g a s i f i c a t i o n  at  850' C and 300 psig.  

2. The g r e a t e s t  y i e l d  of methane occurred wi th  the use  of an i n s e r t  flame- 
sprayed Raney n i c k e l  c a t a l y s t  (unac t iva ted) ,  which has  a l i m i t e d  l i f e  of a c t i v i t y .  
S i g n i f i c a n t  methane i n c r e a s e  r e s u l t e d  from the  a d d i t i o n  of 5 p c t  by weight of LiCO3, 
Pb304, Fe304, MgO, and many o t h e r  materials. 

3. The increased g a s i f i c a t i n n  r e s u l t e d  whether t h e  e x t e n t  of c o a l  g a s i f i c a t i o n  
was small o r  grea t .  

4. A t  temperatures above 750' C ,  c a t a l y t i c  e f f e c t i v e n e s s  decreased with f u r t h e r  
i n c r e a s e  i n  temperature. 

5. Residue from t o t a l  g a s i f i c a t i o n  of coa l  mixed wi th  potassium compounds s t i l l  
contained a s i g n i f i c a n t  concent ra t ion  of potassium (over 10 p c t )  and was  e f f e c t i v e  as 
an a d d i t i v e  i n  increas ing  product ion of hydrogen and methane. 

Operation nf the &-in 25:zc:cr Sj-r,tkzr,ro pilai.-pidnc g a s i f i e r  a t  40 atm pressure  
and average temperature of up t o  945" C with dolomite and hydrated l i m e  a d d i t i v e s  a t  
5-pct concent ra t ion  has  increased  product gas  (CO + H 2  + CH4) y i e l d  s i g n i f i c a n t l y  and 
has  increased al lowable opera t ing  temperatures. 
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h 
, A l k a l i  Carbonate and Nicke l  C a t a l y s i s  of 

Coal Steam G a s i f i c a t i o n  

W.G. Willson, L . J .  Sealock, J r . ,  F.C. Hoodmaker, 
R.W. Hoffman, 3.L. Cox, and D.L. S t i n s o n  

I n t r o d u c t i o n  

Cons iderable  work has been c a r r i e d  o u t  on t h e  c a t a l y t i c  e f f e c t s  of  

va r ious  chemica ls  on t h e  r e a c t i o n s  o f  carbon w i t h  w i th  steam. This work is  

of c l a s s i c  importance i n  t h e  water gas  r e a c t i o n s .  In addi t ion ,many s t u d i e s  

have been made t o  de te rmine  a c t i v e  c a t a l y s t s  f o r  t h e  s y n t h e s i s  of hydrocarbons 

from carbon monoxide and hydrogen. 

c a r r i e d  o u t  a t  v a s t l y  d i f f e r e n t  tempera tures .  

These two r e a c t i o n  systems are  u s u a l l y  

The carbon-steam r e a c t i o n s  r ep resen ted  as C + H,O = CO + H, and 

C + 2H,O = CO, + 2H, a r e  endothermic,and even  i n  the  presence  of c a t a l y s t s  

t h e  o p e r a t i n g  tempera ture  range of 800-1100°C i s  u s u a l l y  employed (1). One 

o f  t he  e a r l i e s t  i n v e s t i g a t i o n s  of  c a t a l y s t s  f o r  t h e  carbon-steam r e a c t i o n s  

c a r r i e d  o u t  by Taylor  and N e v i l l e  ( 2 )  was a t  tempera tures  from 490-570OC. 

The i r  most e f f e c t i v e  c a t a l y s t  used wi th  steam and coconut cha rcoa l  was 

potass ium ca rbona te ,  a l though  sodium ca rbona te  a l s o  proved e f f e c t i v e .  Fox 

and White ( 2 )  demonstrated t h e  c a t a l y t i c  e f f e c t  of impregnat ing  g r a p h i t e  

w i th  sodium c a r b o m t e  over  t h e  tempera ture  range  of 750-1000°C. 

Kr'dger ( 3 )  found t h a t  m e t a l l i c  ox ides  and a l k a l i  ca rbona te s  o r  mix tu res  

c a t a l y z e d  t h e  carbon-steam r e a c t i o n s .  Lewis and co-workeas(4) s t a t e d  t h a t  

i f  r e a c t i v e  carbons  a r e  c a t a l y z e d  wi th  a l k a l i  ca rbona te s  r easonab le  g a s i f i -  

c a t i o n  r a t e s  are a t t a i n a b l e  a t  tempera tures  as low as 1200°F. A process  

which uses  molten sodium ca rbona te  t o  c a t a l y z e  as  w e l l  a s  supp ly  h e a t  f o r  

t h e  carbon-steam g a s i f i c a t i o n ,  has been d e s c r i b e d  (5) .  

29 



I n  c o n t r a s t  t o  t h e  carbon-steam r e a c t i o n s ,  t h e  s y n t h e s i s  of hydrocarbons 

from carbon monoxide and hydrogen i s  u s u a l l y  c a r r i e d  o u t  a t  tempera tures  below 

4 5 0 ° C  ( 6 ) .  The most a c t i v e  c a t a l y s t s  were found t o  b e  group V I 1 1  me ta l s ,  

mixed wi th  va r ious  a c t i v a t i n g  materials ( 7 ) .  A method f'vr t h e  d i r e c t  produc- 

t i o n  of hydrocarbons from coal -s team systems u s i n g  m u l t i p l e  c a t a l y s t s  i n  a 

s i n g l e - s t a g e  r e a c t o r  has  been desc r ibed  by  Hoffman (8). Hoffman and 

co-workers (9) have d e s c r i b e d  t h e  e f f e c t s  of v a r i o u s  commercial n i c k e l  

methanat ion  c a t a l y s t s  i n  a s i n g l e - s t a g e  r e a c t o r .  They s t a t e d  t h a t  n i c k e l  

w a s  chosen f o r  t h e  me thana t ion  c a t a l y s t  s i n c e  t h e  y i e l d  o f  hydrocarbons w a s  

l i m i t e d  e s s e n t i a l l y  t o  methane. 

It h a s  been found i n  t h e  s i n g l e - s t a g e  r e a c t o r  t h a t  most e f f e c t i v e  

mixed c a t a l y s t s  which produce methane and carbon d iox ide  from coal -s team 

systems ( 2 C  t 2H,O = CH4+ CO,) are potassium cazbonate  and n i c k e l .  

s i n g l e - s t a g e  r e a c t o r  with t h e  n i c k e l  methanat ion  c a t a l y s t ,  potassium 

ca rbona te  and c o a l  mixed and charged ,  it i s  necessa ry  i n  o rde r  t o  g e t  

e f f e c t i v e  c o n t a c t  t i m e ,  t o  have t h e  c o a l  t o  n i c k e l  c a t a l y s t  r a t i o  about 

1:l. With t h i s  i n  mind i t  was deemed s i g n i f i c a n t  t o  de te rmine  the  optimum 

r a t i o  of potassium c a r b o n a t e  t o  c o a l  which would g ive  t h e  b e s t  methane 

product ion .  

I n  t h e  

The p r i n c i p a l  o b j e q t i v e s  of t h i s  i n v e s t i g a t i o n  were (1) t o  determine 

t h e  optimum r a t i o  of po tass ium carbonate  t o  c o a l ,  ho ld ing  t h e  n i c k e l  

c a t a l y s t  c o n c e n t r a t i o n  c o n s t a n t ,  ( 2 )  t o  de te rmine  by a n a l y t i c a l  methods 

and X-ray d i f f r a c t i o n  t h e  form and r e c o v e r a b i l i t y  of t h e  potass ium carbonate  

i n  t h e  a s h ,  and (3)  t o  de te rmine  t h e  amount of potassium t h a t  could  be  

recovered  economically.  

Experimental  Sys tems 

Reac tor  Design: The g a s i f i c a t i o n  of c o a l  was c a r r i e d  o u t  i n  a one-inch 

(0.d.)  d iameter ,  semi-cont inuous  f low r e a c t o r  desc r ibed  i n  earlier papers  (8,9). 

Due t o  t h e  ex t remely  a c t i v e  n a t u r e  of t he  n i c k e l  c a t a l y s t  towards oxygen, t he  

re-Educed n i c k e l  c a t a l y s t  had t o  b e  s t o r e d  under n i t r o g e n  atmosphere.  I n  

a d d i t i o n , t h e  r e a c t o r  was charged  under a n i t r o g e n  atmosphere i n  a glove box. 
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Feed Mater ia1s :The  c o a l  used i n  a l l  runs  was a sub-bituminous c o a l  from 

Glenrock, Wyoming, ground t o  60-100 mesh. An a n a l y s i s  of t h e  c o a l  i s  given 

i n  Table  I.  C e r t i f i e d  A.C.S. anhydrous potass ium carbonate  was used  f o r  t h e  

a l k a l i  c a t a l y s t .  This  c a t a l y s t  w a s  approximate ly  t h e  same mesh s i z e  as t h e  

c o a l .  X-ray s t u d i e s  i n d i c a t e ,  however, t h a t  some of t h e  potass ium ca rbona te  

had become hydra t ed , fo r  example K,CO,. X(H,O). In a d d i t i o n ,  a commercial 

n i c k e l  c a t a l y s t  was employed. The n i c k e l  methanat ion  c a t a l y s t  (Ni-3210) 

c o n t a i n i n g  approximate ly  35% by weight n i c k e l  on a p r o p r i e t a r y  s a p p o r t  w a s  

purchased from t h e  Harshaw Chemical Company. The n i c k e l  c a t a l y s t  was 

reduced wi th  H, a t  approximate ly  650°C f o r  12-18 hours  and s t o r e d  under a 

n i t r o g e n  atmosphere. 

Table I. Ana lys i s  of Glenrock Coal 

Mois ture  (wt %) 

V o l a t i l e  Mat te r  (wt 2) 
Fixed Carbon (wt 2 )  
Ash (wt %) 

Heat ing  Value (B tu / lb )  

Hydrogen (wt %) 

Carbon (wt %) 

Nit rogen  (wt %) 

Oxygen (wt %> 

S u l f u r  (wt %) 

Ash (wt %> 

Proximate  Ana lys i s  
A s  Received Mois ture  Free  

12 .2  

39.6 45.1 

36.1 41 .1  

12 .1  13.8 

9140 10410 

- - - -  

U l t i m a t e  Ana lys i s  
A s  Received Mois ture  Free  

5 . 1  4 .3  

52.7 60.0 

0.6 0.7 

28.6 20.2 

0.8 1 . 0  

12 .1  13 .8  

- a s  Ana1ysis:Product gas  volumes were measured by a c a l i b r a t e d  w e t  t e s t  

meter. 

column, dua l  T.C.D. chromatograph. One d e t e c t o r  used a helium c a r r i e r  w i th  

Gas composi t ions  were determined  w i t h  a Beckman Model GC-5 d u a l  
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Pora-Pak Q column and o t h e r  used an  a rgon  c a r r i e r  w i th  a molecular  s i e v e  

column. Data r e d u c t i o n  was a i d e d  by  an  Auto Lab System I V  d i g i t a l  i n t e g r a t o r  

equipped wi th  a c a l c u l a t i o n  module. 

A n a l y t i c a l  Analyses :  The potassium remaining i n  t h e  c o a l  a s h  was 

de te rmined  wi th  a Perkin-Elmer model 303 a tomic  a b s o r p t i o n  spectrophometer 

a f t e r  performing a J .LawrenceSmith  i g n i t i o n  on t h e  sample. 

o b t a i n  a t o t a l  potassium ba lance  it was necessa ry  t o  recover  t h e  potassium 

t h a t  adhered t o  t h e  n i c k e l  c a t a l y s t .  

c a t a l y s t  with a c i d  and de te rmin ing  t h e  potass ium by a tomic  abso rp t ion .  

I n  o rde r  t o  

This  was accomplished by d i g e s t i n g  the  

The amount o f  ca rbona te  r e t a i n e d  i n  t h e  a s h  was c a l c u l a t e d  from t h e  

q u a n t i t y  of carbon d i o x i d e  absorbed  by a s c a r i t e  a f t e r  f i r s t  sc rubbing  t h e  

gas  evolved from t h e  t r ea tmen t  of t h e  a s h  wi th  a 1:l hydroch lo r i c  a c i d  

s o l u t i o n .  

In orde r  t o  de t e rmine  t h e  amount of po tass ium t h a t  was r ecove rab le  by  

a n  ambient tempera ture  wash, l g  of a s h  w a s  washed i n  l O O m l  of water f o r  one 

hour .  The amount of po tass ium i n  t h e  f i l t r a t e  was de termined  by a tomic  

a b s o r p t i o n .  

X-ray D i f f r a c t i o n :  The ground ash  w a s  mounted v e r t i c a l l y  i n  a General 

E l e c t r i c  XRD-5 d i f f r a c t o m e t e r .  Copper r a d i a t i o n  a t  5 0  KVP and 35 MA w a s  used 

f o r  t h e  ana lyses .  Each s c a n  was s t a r t e d  a t  a n  a n g l e  28 of 4 "  and cont inued  

through 70". The "d" v a l u e s  i n  angstroms f o r  t h e  recorded  X-ray peaks were 

de te rmined  from a copper KcvQ = 1.5418w) t a b l e  and compounds were i d e n t i f i e d  

from t h e  A.S.T.M. X-ray Powder Data F i l e .  

Methodology: Experiments were c a r r i e d  o u t  by cha rg ing  t h e  r e a c t o r  w i th  

t h e  c o a l ,  potassium c a r b o n a t e  and n i c k e l  c a t a l y s t  mix tu re  i n  a g love  box under 

a n i t r o g e n  atmosphere.  In t hose  cases  where no n i c k e l  c a t a l y s t  was involved  

t h e  r e a c t o r  was n o t  charged  i n  t h e  g love  box. In a l l  o t h e r  runs  lOOg of coa l  

and about  l lOg n i c k e l  c a t a l y s t  w i th  va ry ing  amounts of  po tass ium ca rbona te  

were charged .  The t empera tu res  on t h e  r e a c t o r  and super  h e a t e r  were then  

brought  to o p e r a t i n g  t empera tu res  of approximate ly  650°C in less than  two 

hour s  and main ta ined  a t  t h e  va lue  f o r  t h e  d u r a t i o n  of t h e  run .  In a l l  cases  

t h e  l e n g t h  of t h e  run  w a s  7 4 ,  hours  and approximate ly  28 m l  of water were 

added. 

r e a c t o r  p r e s s u r e  was approx ima te ly  30 PSIA which in t h e  p r e s s u r e  r equ i r ed  t o  

g i v e  an  adequate  sample t o  t h e  chromatograph. 

The product  gas  w a s  moni tored  f o r  composi t ion  every  h a l f  hour.  The 

32 



\ 

A l l  runs  were r e p e a t e d  u n t i l  n e a r  d u p l i c a t i o n  o f  two runs  was o b t a i n e d .  

The c r i t e r i a  f o r  a c c e p t i n g  t h e  d u p l i c a t e  r u n s  were based  on t h e  t o t a l  mass 

ba lance  and t h e  q u a l i t y  of t h e  gas  produced. 

ba l ance  of  ML was s u f f i c i e n t  t o  i n s u r e  t h a t  t h e r e  were no major l e a k s  t o  

p r e j u d i c e  the  r e s u l t s .  To i n s u r e  t h a t  t h e  n i c k e l  c a t a l y s t  was  p r o p e r l y  

reduced and had no t  ox id i zed  du r ing  l o a d i n g  i n  t h e  mixed c a t a l y s t  runs ,  

on ly  t h e  runs  i n  which the  average  gas had a h e a t i n g  va lue  of over  800 Btu/SCF 

(CO, f r e e )  were used .  There were on ly  two cases o u t  of a t o t a l  o f  twelve 

s e p a r a t e  runs  wi th  t h e  mixed c a t a l y s t  where t h e  q u a l i t y  of t h e  g a s  produced was 

below 800 Btu/SCF. 

c r i t e r i a  f o r  acceptance  w a s  m e t .  The amounts of methane and gas  produced 

p e r  gram of c o a l  r e p o r t e d  i n  Table 11 are volume r a t e d  average  composi t ions .  

It was dec ided  t h a t  a t o t a l  mass 

In bo th  cases t h e  runs  were repea ted  a t h i r d  t i m e  and t h e  

R e s u l t s  and Di scuss ion  

I 

Table I1 c o n t a i n s  a summary o f  t h e  runs  s e l e c t e d  t o  de te rmine  t h e  optimum 

amount of potassium ca rbona te  t o  be mixed w i t h  t h e  c o a l  and n i c k e l  c a t a l y s t .  

Observa t ions  obta ined  w i t h  t h e  s i n g l e - s t a g e  r e a c t o r  i n d i c a t e  t h a t  t h e  i n i t i a l  

r e a c t i o n  involved  i s  d e v o l a t i l i z a t i o n  of t h e  c o a l ,  followed by c rack ing  and 

hydrogenat ion  of u n s a t u r a t e d  compounds i n  t h e  presence  o f  t h e  n i c k e l  c a t a l y s t .  

Th i s  i s  followed by t h e  carbon-steam r e a c t i o n .  

The f i r s t  run  i n  Table  I1 was made u s i n g  on ly  c o a l  and steam, and i n  

t h i s  run  t h e  gas  con ta ined  about  0.5% e t h y l e n e ,  0.7% e thane  as w e l l  as 4 m l  

of heavy l i q u i d s .  In a l l  t h e  remain ing  runs  t h e  n i c k e l  c a t a l y s t  w a s  p r e s e n t ,  

and i n  no case  was any  hydrocarbon h e a v i e r  t han  methane de tec t ed .  Methane 

and carbon d iox ide  were t h e  major components, w i th  hydrogen ave rag ing  

between 10-14% and t h e  carbon monoxide u s u a l l y  below 2.0% i n  the p roduc t  gas .  

In run  No. 2 only t h e  n i c k e l  c a t a l y s t  was employed. It more than t r i p l e d  

t h e  methane product ion ,whi le  i t  only i n c r e a s e d  the t o t a l  gas  p roduc t  by abou t  

2077. This  tends  t o  i n d i c a t e  t h a t  a s u b s t a n t i a l  q u a n i t y  o f  t h e  methane produced 

i s  de r ived  from c rack ing  and hydrogenat ing  u n s a t u r a t e d  compounds. 

F igu re  1 shows a p l o t  of t o t a l  gas  p roduc t ion ,  as w e l l  as t h e  methane 

p roduc t ion  versus  mass of potass ium ca rbona te  charged p e r  lOOg of c o a l .  In 
bo th  cases  the dashed l i n e  i n d i c a t e s  t h e  runs  were n e i t h e r  alkali  o r  n i c k e l  
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c a t a l y s t  were p r e s e n t .  These f i g u r e s  show t h a t  f o r  t h e  s i n g l e - s t a g e  r e a c t o r ,  

u s i n g  a sub-bi tuminouscoal  a t  about  650"C, t h e  optimum methane as w e l l  as gas 

product ion  is obta ined  u s i n g  between 20-25g of po tass ium c a r b o n a t e  p e r  lOOg 

of c o a l .  Addi t ion  of  more t h a n  30g of  po tass ium carbonate  i s  d e t r i m e n t a l  t o  

t h e  methane product ion  as w e l l  as t o t a l  gas product ion.  This  d e c r e a s e  i n  

p r o d u c t i o n  is  r e a d i l y  a p p a r a n t  when t h e  potassium carbonate  has  been i n c r e a s e d  

t o  45g. 

Table  I1 a l s o  c o n t a i n s  tk a n a l y t i c a l  r e s u l t s  f o r  potassium recovery  

and carbonate  recovery .  

w a s  s a t i s f a c t o r y , g i v i n g  d e v i a t i o n s  of 36%. Potassium recovered i n  t h e  wash 

s o l u t i o n  var ied  from about  66 t o  90%. T h i s  shows t h a t  between 2.3 - 3.4g of 

potassium a r e  forming compounds t h a t  are insoluhLe in  water a t  ambient  

tempera tures .  It  i s  of i n t e r e s t  t o  note t h a t  t h e  least  amount of i n s o l u b l e  

potass ium was obta ined  when t h e  optimum amount of potassium carbonate  w a s  used.  

The carbonate  recovered  from t h e  a s h  was good,g iv ing  a d e v i a t i o n  of on ly  fix. 

The t o t a l  po tass ium recovery  by t h e  i g n i t i o n  method 

Although t h e  X-ray s c a n  r a n  from an  a n g l e  2 8  of 4-70', t h e  m a j o r i t y  of 

t h e  peaks of i n t e r e s t  f e l l  i n  t h e  range  of 20-44". Table  111 compares "d" 

spac ings  and i n t e n s i t i e s  of X- ray  d i f f r a c t i o n  peaks from 20-44" 28 f o r  t h e  

p u b l i s h e d  d a t a  on t h e  h y d r a t e d  potassium carbonate  (K,CO, .1 Y2H20) 

s i l i c o n  d i o x i d e ,  w i t h  t h e  potassium c a r b o n a t e  as r e c e i v e d  and t h e  ashes  from 

t h e  r u n s  c o n t a i n i n g  0, 20 ,  45,  and 60g of potassium carbonate  r e s p e c t i v e l y ,  

The "d" s pacings and i n t e n s i t i e s  o f  t h e  potass ium c a r b o n a t e  as r e c e i v e d  and 

of  t h e  a s h e s  c o n t a i n i n g  potassium c a r b o n a t e  do n o t  correspond e x a c t l y  t o  

t h e  publ i shed  anhydrous o r  hydra ted  forms of  potassium carbonate .  For  

example, t h e  publ i shed  A.S.T.M. data  shows t h e  major  peak f o r  K,CO,.l Y,H,O 

( i n t e n s i t y  100) has a "d" s pacing of 2.72A, whereas  the'aaalmveed samples 
have major  peak "d" s p a c i n g s  of  2.77A f o r  t h e  a s h e s  and 2.79A f o r  t h e  potassium 

c a r b o n a t e  as rece ived .  

c a r b o n a t e  as w e l l  a s  t h a t  i n  t h e  a s h  i s  a p a r t i a l l y  hydra ted  compound. 

and 

0 

0 0 

It i s  b e l i e v e d  that t h e  ana lyzed  form of  t h e  potassium 

F i g u r e  2 shows t h e  X-ray d i f f r a c t i o n  p a t t e r n  f o r  t h e  potassium carbonate  

as  r e c e i v e d .  Only t h e  peaks wi th  q u e s t i o n  marks are u n i d e n t i f i e d  peaks. The 

peaks u n l a b e l l e d  cor respond most n e a r l y  t o  t h o s e  publ i shed  f o r  %CO,.l j2&0.  

The a s h  from t h e  r e a c t o r  r u n  c o n t a i n i n g  no potass ium carbonate  i sshown i n  

f i g u r e  3.  

The a s h e s  from runs  u s i n g  20, 45, and 60g of potassium carbonate  w i t h  lOOg 

It d i s p l a y s  o n l y  s i l i c o n  d i o x i d e  and some u n i d e n t i f i e d  peaks. 
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of c o a l  charged a r e  shown i n  f i g u r e  4 .  ' I t  i n d i c a t e s  t h a t  t h e  amount of 

potassium ca rbona te  remaining i n  t h e  a s h  i s  p r o p o r t i o n a l  t o  t h e  amount 

charged. This i s  b e s t  observed by n o t i n g  t h e  changes i n  t h e  i n t e n s i t i e s  of 

t h e  major po tass ium ca rbona te  peaks between 32-33" 28.  Again t h e  peaks  t h a t  

are u n i d e n t i f i e d  are noted  w i t h  q u e s t i o n  marks. Comparison o f  "d" v a l u e s  i n  

t a b l e  I1 i nd ica t e  t h a t  t h e  form of t h e  potass ium ca rbona te  remains e s s e n t i a l l y  

unchanged a f t e r  t h e  r e a c t i o n .  

Conclusions 

The i n v e s t i g a t i o n s  thus  f a r  i n d i c a t e  t h a t  i t  i s  p o s s i b l e  i n  a s i n g l e - s t a g e  

r e a c t o r ,  by us ing  a mixed c a t a l y s t  o f  po tass ium ca rbona te  and a n i c k e l  c a t a l y s t ,  

t o  r e a c t  c o a l  and steam p r i n c i p a l l y  b methane and carbon d iox ide  a t  low 

p r e s s u r e  and tempera tures  o f  approximate ly  650°C. Under t h e s e  c o n d i t i o n s  the 

optimum amount of po tass ium ca rbona te  f o r  maximum methane p roduc t ion  i s  between 

20-2577 t h e  mass of the  c o a l .  X-ray d i f f r a c t i o n  s t u d i e s  i n d i c a t e  t h a t  t h e  

form of t h e  potassium ca rbona te  remain ing  i n  t h e  a s h  i s  e s s e n t i a l l y  t h e  same 

as t h a t  charged. A t  t h e  observed optimum v a l u e  o f  20g of po tass ium ca rbona te  

t o  lOOg of coa l  n e a r l y  80% of  t h e  potass ium i s  r ecove rab le  by a one hour wash 

w i t h  water a t  room tempera ture ,  
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CATALYZED HYDROGASIFICATION OF COAL CHAEL5 

N. Gardner.  E. Samuels,  K. Wilks 

INTRODUCTION 

The reaction of hydrogen with coal and coal chars to produce 

gaseous hydrocarbons (hydrogasification) has received considerable 

attention for at least thirty-five years, since Dent in 1937 first 

reported on the hydrogasification synthesis"). The reaction pro- 

ceeds in two steps. 

extremely rapid as the volatile matter and more reactive components 

of the coal are hydrogenated. 

higher homologs formed yields methane. 

reaction, the structure of the remaining carbon char is more graphi- 

tic in character, resulting in a much slower hydrogasification 

reaction. It is the catalysis of the slow, second stage of the 

hydrogasification reaction that we have initiated a study of at Case 

Western Reserve University. 

In the initial stage, reaction rates are 

Subsequent rapid hydrogenolysis of the 

In the second stage of the 

There have been numerous reports and patents on the catalysis 

of a similar reaction--the liquid phase hydrogenation of coal to 

liquid and gaseous products. Hydrogenation reactions are generally 

carried out at high pressures (several hundred atmospheres) and low 

temperatures (400 to 50OoC) where the hydrocarbon products formed are 

substantially liquid. The ability of tin-halogen compounds, alkali 

metals(2), and many other materials to catalyze the coal hydrogena- 

tion reactions is well known. Although the reaction is carried out 

in conditions where coal hasundergone agglomeration and liqulfaction, 
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the  method of contact ing catalyst and coa l  p a r t i c l e s  has a s t rong  

influence on r e a c t i o n  r a t e .  For example, t h e  addi t ion  of powdered 

fe r rous  s u l f a t e  t o  coa l  p a r t i c l e s  has  almost no e f f e c t  on t h e  hydro- 

genation r a t e ( 3 ) .  Impregnation of  t h e  coa l  by immersing i t  i n  

aqueous so lu t ions  of fe r rous  s u l f a t e ,  followed by oven drying, resul-  

ted i n  a sharp increase  i n  hydrogenation rate with high productions 

of asphal t  and o i l .  Impregnated nickelous chlor ide,  stannous 

chlor ide,  and ammonium molybdate show similar increases  i n  c a t a l y t i c  

a c t i v i t y  as compared t o  powders of t h e  same materials . ( 4 )  

In c o n t r a s t  t o  hydrogenation reac t ions ,  f o r  t h e  hydrogasifi- 

ca t ion  of coa l  chars ,  much less i s  known about t h e  c a t a l y t i c  a c t i v i t y  

of materlals and the dependency of c a t a l y s t  contact ing techniques. 

A l k a l i  carbonates, one t o  t e n  percent by weight, have been shown t o  

ca ta lyze  t h e  hydrogas i f ica t ion  of coa ls  and cokes a t  temperatures of 

800-900"C(5). 

alkalies by carbon prevented graphi t iza t ion  of t h e  surface.  

t i n  hal ides  have been shown t o  be e f f e c t i v e  hydrogasif icat ion cata-  

l y s t s .  There i s ,  however, l i t t le  kinetic information on any of t h e  

catalyzed hydrogasif icat ion react ions.  

The suggested mechanism was  t h a t  adsorpt ion of t h e  

Zinc and 

Therehavebeen extensive s t u d i e s  on t h e  a b i l i t y  of par t icu-  

late metals and metal  salts t o  ca ta lyze  t h e  reac t ions  of g r a p h i t i c  

carbon with oxygen and carbon dioxide. For example, c o l l o i d a l  i r o n  

on Ticonderoga graphi te  reduces t h e  a c t i v a t i o n  energy f o r  the  carbon- 

oxygen reac t ion  from 46 kcal/mole to  10 kcal/mole. 

i r o n  deposit impregnated from s o l u t i o n  on sugar char reduced t h e  

A seven percent  
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activation energy from 61.2 kcal/mole to 22.8 kcal/mole for the 

carbon-carbon dioxide reaction. In addition, dispersions of metals 

in carbon have been prepared by carbonization of polymers containing 

metal salts. 

cation reactions of carbon dioxide and oxygen. 

substantial reduction in activation energy is not clear although a 

large amount of superfluous, quantitative information has been 

obtained. Two types of mechanisms have been proposed, oxygen- 

transfer and electron-transfer. 

catalyst is presumed to assist the dissociation of molecular oxygen 

to chemisorbed atomic oxygen which then reacts with the carbon 

surface. Electron-transfer mechanisms involve the ?I electrons of 

graphitic carbon and the vacant orbitals of the metal catalysts. 

catalytic effect presumably results from the altered electronic 

structure of the surface carbon atoms. 

The dispersions are catalytically active in the gasifi- 

The mechanism of the 

In the oxygen-transfer mechanism the 

The 

In contrast to the wealth of information on catalyzed 

hydrogenation of coal, and the catalyzed oxidation reactions of car- 

bon by oxygen and carbon dioxide, little is known about catalyzed 

hydrogasification reactions as to the ability of materials to serve 

as catalysts. 

of these reactions. We have initiated a kinetic study of catalyzed 

hydrogasification reactions using a high temperature, high pressure, 

recording balance. 

solid reactions because the weight of relatively small solid samples 

can be continuously measured. Direct kinetic analysis of the weight 

loss curves are straightforward. 

Also little is known about the kinetics and mechanisms 

A thermobalance is particularly useful in gas- 
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11. EQUIPMENT AND PROCEDURES 

The high pressure thermobalance is very similar to the 

balance described by Feldicirchner and Johnson!6'. 

was designed to operate isothermally at temperatures up to 1000°C and 

at hydrogen pressures up to 2000 psi. 

shown in Figure 1, and a schematic diagram of the system is shown in 

Figure 2. 

The thermobalance 

Details of the balance are 

The reactor tube was constructed of Haynes 25 superalloy. 

The mass transducer is a Statham, Model UC 3, attached to a balance 

arm (Micro-scale accessory UL 5) and has a full scale range of 

6 grams. 

The sample is lowered into the reaction zone by an electric 

motor driven windlass at a rate of about one inch per second. 

position of the sample in the reactor is obtained by utilizing a 

potentiometric technique. A small ten turn potentiometer is coupled 

directly to the windlass. Temperatures in the reactor are measured 

by stainless steel encased chromel-alumel thermocouples, the closest 

one to the sample being located 114" below the sample. Hydrogen flpw 

rates were controlled +_ 5 percent over the range 10 to 40 SCF/hr. 

Gas analysis was obtained by splitting a portion of the gas product 

stream to an infrared detector, where methane content was continu- 

ously measured, and a gas chromatograph where total gas composition 

was determined. 

The 
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All experiments used chars supplied by the Institute of Gas 

Technology. Char A was a hydrogasified Pittsburgh Seam, Ireland Mine 

Bituminous coal. Char B was from the same source, but was pre- 

oxidized (about 1 ft3 of oxygen per pound of fresh coal at 40OoC) in 

an air fluidized bed. An analysis of the two chars is shown in 

Table I. The char was sized 18 x 35 mesh sieve fraction, U. S .  

Standard. The sample weight in any given run was 1.5 - 2.5 grams. 

The sample bucket was constructed of 100 mesh stainless steel screen. 

Catalysts were deposited on the char particles by evaporation 

from solution. 

metal. 

microprobe and scanning electron microscopy. 

Catalysts concentrations were five percent by weight 

Catalyst distribution on the char was examined by electron 
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TABLE I 

CHEMICAL ANALYSIS 

Char A (hydrogasified) Char B (pre-oxidized) 

Uncatalyzed 

(mass percent) 

Carbon 
Hydrogen 
Oxygen 

81.45 
14.60 

3.76 
Total 99.81 

67.86 
3.39 

Total 84.88 
13.63 

Volati le  4 .61 24.40 

Ash 13.94 9.28 

KHCO3 Catalyzed 

(mass percent) 

Carbon 
Hydrogen 

61.45 
1.38 

55.21 
3.13 
3.80 

Total 67.40 Total 62.14 
- Oxygen 4.57 

I 
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111. RESULTS AND DISCUSSION 

Reaction of Non-Catalyzed Chars 

I 

t 

Initial runs were performed on both chars to determine 

non-catalyzed reaction rates. 

cruves are shown in Figures 3 and 4 for chars A and B, respectively, 

at 500 and 1000 psi, 95OoC. 

show high initial reaction rates as the more volatile matter in the 

char is  gasified, followed by a much slower reaction regime where the 

rate slowly diminishes as the char is consumed. Such phenomena have 

been previously de6cribed by a number of investigators 

Percent of carbon gasified versus time 

Characteristically, the mass loss curves 

(7-11) 

For kinetic analysis of the mass loss data, we propose a 

model different from those previously discussed. We assume that the 

reaction rate is given by the following kinetic expression: 

where X = fractional conversion of carbon 

v = frequency factor n 
n = order of reaction 
# AH = activation enthalpy for gasification. 

In contrast to homogeneous reactions, where activation 

enthalpies are independent of extent of reaction, hydrogasification 

activation enthalpies are clearly a function of extent of reaction. 

One mechanism, postulated by a number of investigators, is based on 

the carbon structure becoming more graphitic with increasing extent 
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of reaction. 

function for AH (X) is a linear form 

In the absence of any other information, the simplist 
# 

AH+ (XI = AHO + a x (2) 

where 

AHo = initial activation enthalpy 
# a = factor that determines sensitivity of AH to X, 

Substituting this expression into equation (11, yields 

= kPn (1 - X) exp(- AHo/RT) exp(- aX/RT) . dt H2 

By lumping the pressure and temperature terms into two 

1 

(3)  

constants,Equation (3) can be written in a simpler form in order to 

test its applicability as a rate expression. Thus, 

and then 

K em(- bX) - (1 - X) dX 
dt 

where K and b are both constants and equal to 

- =  

K = k ~ "  exp (- AH~/RT) 
H2 

( 4 )  

b = a/RT 

Rearrangement and integration of equation ( 4 )  gives the final 

form of the rate expression used to test the kinetic data. 

Figures 5 and 6 show plots of the integral on the left side 

of equation (5) versus time for chars A and B, respectively. The 

parameter b is chosen to minimize the sum of the squares of the 
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errors of a least square fit to a straight line through the data 

points. 

straight line. 

The value of K is then evaluated from the slope of the 

Table I1 shows the values of b and K determined from Figures 

5 and 6 .  

The values of b are seen to be independent of the hydrogen 

pressure within experimental error. The ratio of the K values at 

1000 and 500 psi, respectively, are for char A,  Klooo/K500 = 3.27 and 

for char B, Klooo/K500 = 2.89. 

Y term raised to the power n, where n is the order of the reaction. 

Thus, the hydrogasification reaction order is approximately 1.6 in 

hydrogen pressure. 

The hydrogen pressure appears in the 

The y-axis intercept in Figures 5 and 6 should have been 

zero. b e  positive non-zero intercept results from the very rapid 

first stage of the hydrogasification reaction. 

char B, the amount of carbon gasified in the rapid first stage of the 

reaction is greater than that for the hydrogasified char. This 

gffect is due to the pretreatment of the char. 

park of the reaction, however, the chars behaved almost identically 

as indicated by similarity in the values of b and K. 

For the pre-oxidized 

In the second, slower 

Figure 7 shows the fraction of carbon gasified as a function 

of time for char B at 850 and 95OoC, 1000 psi. 

b at 850'C were found to be 2.3 and .00128 sec-l, respectively. 

the variation of K wlth temperature, the value of AHo can be estima- 

ted to be 29.3 kcal/mole. 

The values of K and 

From 

The activation enthalpy is then given by 
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TABLE I I 

TABULATION OF b AND K VALUES FOR 
NON-CATALYZED CHAR A AND B 

Char A (hydrogasified) 

500 psi H p  1000 psi Hp 

Run b K Run b K 

11122 0.25 0.000974 41121 0.8 0.00386 
31128 0.9 0.000810 21209 0.8 0.00274 
Average 0.57 0.000892 11204 0,s 0.90212 

Average 0.8 0.00291 

Char B (pre-oxidized) 

500 psi H2 1000 psi Hp 

Run b K Run b K 

11124 1 0 * 000818 11127 0.9 0.00399 
21206 1 0.00143 31209 0.8 0.00290 
11207 1 0.00147 41203 1.2 ' 0.00386 
31207 0.5 0.00125 11202 1.2 0.00406 

Average 0.88 0.00124 Average 1.025 .0.00372 
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the expression, 

kcal = 29.3 + 2.43 X 
mole 

for an uncatalyzed char system. 

Figure 8 shows a representative composite plot of the carbon 

fraction converted, the methane rate of production, and the tempera- 

tIire versus time for char B, Kun lli28. The concentration of methane 

in the product stream is proportional to the rate of the hydrogasifi- 

cation reaction, as 

where r = rate (moles/minute/initial gms. of carbon) 

n = initial moles carbon 

P =partial pressure CHI, in atms 

R = gas constant in L - atm/M - O K  

T = temperature, O K  

CH4 

dV 
dt (-) = product gas flow rate in liters/minute. 

’ 

Equation ( 7 )  can be integrated numerically. The result is shown in 

Figure 9. 

Although the infrared measurement of methane production leads 

to qualitative agreement with the direct mass determination, quanti- 

tative agreement is not good. This is most probably due to axial 

dispersion in the gas product stream, which results in a loss of 

kinetic information, and difficulties in precisely regulating the 

product stream flow rate, which would lead t o  cumulative errors. 

I 
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The temperature versus time curve shown in Figure 8 indicates 

a small temperature increase resulting from the exothermic hydrogasi- 

fication reaction, which diminishes with time. Unfortunately, the 

actual temperature of the char has not been measured directly. 

Waction of Catalyzed Chars 

In this preliminary study we have concentrated on catalysts 

tbat have long been known to accelerate the hydrogasification 

reaction, the alkali metals and zinc salts(5). 

show the percent carbon gasified versus time data for a KHCO3 catalyst 

depgsited, on chars A and B, respectively, at 95OoC, 500 and 1000 psi. 

Figures 12 and 13 show a representative comparison between the carbon 

converted in catalyzed and non-catalyzed runs on chars A and B, 

respectively, at 500 psi and 950’C. A substantial catalytic effect 

is observed. 

Figures 10 and 11 

The time to achieve a gasification fraction X is roughly 

halved by the KHCO3 catalyst. 

b and K are shown in Figures 14 and 1 5 .  The kinetic equation ( 4 )  is 

seen to fit the data at high conversions. The evaluation of the b and 

K parameters for KHCO3 catalyzed reactions is shown in Table 111. 

The rate enhancement due to the catalysts is shown by the 

The kinetic analysis for the parameters 

evaluation of a from the parameter b. Taking -1 to be the average 

value of F for a catalyzed system, the corresponding value of a is 
-2.43. 

enthalpy decrease with increasing carbon gasification 

This term makes the linear expression for the activation 

# AH (kcal/mole) = 29.3 - 2.43 X . 

I 
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TABLE 111 

TABULATION OF b AND K VALUES FOR 
CHAR A AND B CATALYZED WITH €34'203 

Char A (hydrogasified) 

500 psi H2 . 1000 psi Hp 

Run b K Run b K 

11128 -1.0 0.00087 7 11208 -0.3 0.00224 
11125 -0.5 0.0015 21204 -1.3 0.00252 

Average -0.75 0.00119 31124 -1.0 0.00236 
Average -0.867 0.00237 

Char B (pre-oxidized) 

500 psi Hp 1000 psi H2 

Run b K Run b K 

21128 -1.3 0.000712 21124 -1.0 0.0021t) 
0.000903 11205 -0.75 0.00221 21125 -1.0 

Average -1.15 0.000807 Average -0.88 0.00219 
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Work has also begun on the catalysts potassium carbonate, 

K2CO3, and zinc chloride, ZnClp. These catalysts were also deposited 

by impregnation at a five percent by weight metal concentration. The 

K2CO3 catalyst behaved very similar to the KHCO3. 

curves for this catalyst at 500 and 1000 psi, 950'C are shown in 

Figure 16. 

and K similar to those for KHCO3 (see Table IV). 

The weight loss 

Kinetic analysis of this catalyst produced values of b 

Microscopy of the Chars 

Characterization of the chars is being carried out on the 

microprobe analyzer and the scanning electron microscope. Features 

such as particle structure, catalyst distribution, and structural 

change at the catalyst sites during reaction are of interest. 

The scanning electron microscope can take high magnification, 

high resolution pictures of the char particles, while the microprobe 

analyzer can $e calibrated to scan for any element on the char parti- 

cle surface. 

Presented here will be a cross section of representative 

photos for each char. 

important. The scanning micrographs (scanning electron micrographs) 

are high quality pictures but are often slightly distorted at low 

magnification (75-1OOX). 

(BSE) and x-ray micrographs are all taken on the microprobe analyzer. 

The B$E micrographs from this instrument are of low clarity because 

the microprobe was designed to do x-ray analysis. 

graph is a scattering of white dots on the picture. 

Proper interpretation of these pictures is 

The back scattering electron micrographs 

An x-ray micro- 

If the element 
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TABLE I V  

TABULATION OF b AND K VALUES FOR CHAR A AND B 
CATALYZED WITH OTHER CATALYSTS 

Char A (hydrogasified - ZnClp) 

500 psi H2 1000 psi H2 

Run b K Run b K 

21214 0.5 0.00160 21208 0.5 0.00492 
31214 0.25 0.00140 51208 0.2 0.00301 

Average 0.37 0.00150 Average 0.35 0.00397 

Char B (pre-oxidized - K2C03) 

500 psi Hp 1000 psi H p  

Run b K Run b K 

41212 -0.15 0.00155 21212 -0.5 0.00245 
31212 -1.2 0.000867 11212 -0.5 0.00248 

Average -0.67 0.00118 Average -0.5 0.00247 
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being analyzed is not present, there is an even, but sparce distribu- 

tion of white dots on the micrograph. (See upper right of Figure 20d 

where there is no iron present.) This artifact of the analyzer will 

be referred to as background. The locations where the element being 

analyzed is present, are then represented by a concentration of white 

dots. (See also Figure 20d.) 

Figure 17a shows a low magnification scanning micrograph of 

the hydrogasified, KHCO3 catalyzed char A. This is a representative 

picture of this type of a char, catalyzed or uncatalyzed. 

cle surface is, in general, crumpled but smooth. 

The parti- 

Higher magnification micrographs of the center of this 

particle are shown in Figures 17b and 17c. (See the area circled in 

Figure 17a.) 

Figure 17b is a scanning micrograph while 17c is a BSE micrograph. 

Figure 17d is the iron x-ray superimposed on the BSE of Figure 17c. 

This shows areas of the particle surface where iron deposits or ash 

concentrations are located. 

Figure 17b or 17c is shown in Figure 18a. 

These are both of the same area on the particle. 

A close-up of the ash deposit circled in 

Figure 18b shows a potassium x-ray superimposed on the BSE of 

The heavy but even con- Figure 17c, which is KHCO3 catalyzed char A. 

centration of white dots indicates that the catalyst is present in a 

well-distributed manner. The catalyst must exist on the particle 

surface in a finely divided state since there are no distinguishable 

clumps, as noticed in earlier catalytic x-ray analysis. 
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a .  Scanning - 75X 

C. BSE - 2OOX 

b. Scanning - 300X 

d. Iron X-ray on BSE - 2OOX 

Figure 17. Micrographs of KHCO3 Catalyzed Char A 
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a. Scanning - 2000X b. Potassium X-ray on BSE - 200X 

c. Cut Particle - Scanning - lOOX d. Cut Particle, Potassium X-ray 
on BSE - 200X 

Figure 18. Micrographs of KHCO3 Catalyzed Char A 
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The scanning micrograph of a cut particle of char A similar 

to that in Figure 17a is shown in Figure 18c. The inside of the par- 

ticle is filled with cavities or cells, somewhat like a sponge. This 

is very different from the outer surface of the particle. 

treatment skin'l'), or outer surface, and the resulting inner struc- 

ture are a direct result of the pretreatment history of the char. A 

potassium x-ray on a BSE micrograph of the area circled in Figure 18c 

i s  shown i n  Figure 18d. 

concentration. 

The pre- 

This too shows a heavy catalyst 

The pre-oxidized, uncatalyzed or catalyzed char B appears 

very similar to char A.  

and inner structure can be drawn from Figure 19a and 19b for char B 

and Figure 17a and 18c for char A. 

undergone different pretreatment histories. 

Direct comparisons of the same type of outer 

These are the same chars but have 

Direct similarities of ash content can be shown with the 

scanning micrographs of a particle reacted in hydrogen for eight 

minutes. 

cle with the close-up of an ash deposit in Figure 20b. This can be 

verified with the sesults of Figure 20c and 20d, which are the iron 

x-ray and BSE micrographs of the same area in Figure 20a. In these 

same areas lighter concentrations of potassium and silicon have also 

been found. 

Figure 20a and 20b show a portion of an uncatalyzed parti- 

The analysis of the KHCO3 catalyzed char B showed a good 

distribution, which was similar to that of char A. 

for char A . )  

(See Figure 18b 
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a .  Cut Part ic le ,  Scanning - 75X 

b .  Whole Part ic le ,  Scanning - 200X 
Figure 1 9 .  Micrographs o f  Uncatalyzed Char B 
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a. SEM - 500X b. SEM - 2OOOX 

C .  BSE - 200X 

Figure 20. Micrographs 

7 9  

d. Iron X-ray - 200X 
of Uncatalyzed Char B 
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The high iron content is a common characteristic of the two 

chars and is seen in the x-ray analysis. These chars also have a 

high sulfur content, which is distributed fairly evenly in the 

particles. Analysis for zinc and nickel were negative, and slight 

traces of calcium have been seen in some samples. 

I 
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IV. CONCLUSIONS 

The initial studies of catalysts and contacting systems has' 

begun at Case Western Reserve University. The high temperature, high 

pressure, recording thermobalance has made direct kinetic analysis of 

the carbon weight loss curves straightforward. 

The data seems to be well represented by the kinetic model 

proposed in equation (5). Analysis of the fitting parameters for 

this model show that for the rate dependence on pressure the order of 

the reaction is about 1.6. 

The temperature dependence of the rate constant determines the 

initial activation enthalpy. 

about 29.3 kcalfmole. 

meter b from the kinetic model we have found the linear form of the 

activation enthalpy as a function of conversion for a non-catalyzed 

char. (See equation ( 6 ) . )  

The initial activation enthalpy is 

Coupling this with the evaluation of the para- 

Some information of the relative volatilities of the two 

chars is discernable from the y-axis intercept in the plots of the 

kinetic test for our rate expression. This is the portion of the 

weight loss curves where the rapid first stage of the reaction is 

taking place. The application of the kinetic model then precedes 

from the latter part of these curves, which represent the second, 

slower part of the reaction. Unfortunately, this semi-empirical 

model leaves us with the lack of a real mechanism. Possibilities of 
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ash d i f fus ion  and/or chemical e f f e c t s  have not been s tudied i n  t h e  

d e t a i l  necessary t o  shed l i g h t  upon t h e  subject .  

The c a t a l y t i c  systems showed s u b s t a n t i a l  s lope increases  i n  

the weight l o s s  curves  (Figure 21). 

K2CO3 exhibited an equivalent  c a t a l y t i c  e f f e c t  which was b e t t e r  than 

t h a t  found f o r  ZnC1, (see values  of b in Table IV), 

of t h e  c a t a l y t i c  systems on our k i n e t i c  model w a s  t o  change t h e  value 

of t h e  parameter b, which changed the  value of CL in t h e  l i n e a r  expres- 

s ion  f o r  t h e  a c t i v a t i o n  enthalpy. 

a f o r  an average va lue  of b = - .91 w a s  a = - 2.21. The c a t a l y s t  

apparently d id  not a f f e c t  the value of A$ over t h e  course of t h e  

react ion.  

It w a s  found t h a t  KHCO3 and 

The =et r a s d t  

For t h e  KHCO3 system t h e  value of 

Microscopy of t h e  char  samples i s  y ie ld ing  i n t e r e s t i n g  and 

q u a l i t a t i v e  information. Character izat ion of char s t r u c t u r e  with the  

scanning e lec t ron  microscopy has shown t h e  standard pretreatment sk in  

and t h e  ce l led  p a r t i c l e  i n t e r i o r .  

cles i n  t h e  microprobe analyzer  and t h e  SEM have shown ash depos i t s  

on t h e  surface of t h e  char  and good c a t a l y s t  d i s t r i b u t i o n s .  

X-ray ana lys i s  of t h e  same p a r t i -  

\ 82 
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200 400 600 aoo 1000 1200 1400 

TIME (sec) 

- Run - Char Catalyst 

0 ... 31128 A none 

0 ... 21124 A ZnClp 

A ... 11128 A KHCO 3 

0 ... 31212 B K2C0 3 

Figure 21. Comparison of Various Char-Catalyst Systems at 950°C and 
500 psi. 
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In t roduct ion  

In t h e  pas t ,  underground coa l  conversion processes  were uneconomical i n  
comparison w i t h  cheap energy a l t e r n a t i v e s  o r  not f e a s i b l e  technica l ly .  
changes i n  technology and economlcs may have improved the  f e a s i b i l i t y  of under- 
ground c o a l  conversion. The s e l l i n g  p r i c e s  of conventional f o s s i l  f u e l s  have been 
r i s i n g  because of r e s t r i c t e d  supply and increas ing  demand. The p r i c e  increases  
should have four e f f e c t s :  (1) the  producers of gas and o i l  are encouraged t o  
f ind  addi t iona l  sources ,  (2) t h e  users of these  convenient f u e l s  are motivated t o  
r e s t r i c t  t h e i r  consumption, (3) c o a l  mine opera tors  a r e  inc l ined  toward opening 
more Conventional mines and (4) concepts far nl ta rnat ivn  O n P V z p  an**v.cn- ?:E'. 22 
underground coal conversion become more a t t r a c t i v e  f o r  s e r i o u s  engineer ing evalu- 
a t i o n ,  

Some recent  

The r i s e  of concern f o r  t h e  h e a l t h  and s a f e t y  of the  miners is another  f a c t o r  
Not only have t h e  inf luenc ing  t h i s  renewal of  i n t e r e s t  i n  remote coa l  conversion. 

human c o s t s  of convent ional  mining been l a r g e  as represented by l o s s  of l i v e s  o r  
adverse e f f e c t s  on h e a l t h  but  economic c o s t s  of i n d u s t r i a l  acc idents  have proven 
considerable .  During t h e  summer of 1972 t h e  dreaded pneumoconiosis o r  "black lung" 
was the  subjec t  of a s u r v i v o r ' s  b e n e f i t s  b i l l  passed by the  U. S .  Government i n  the 
amount of one b i l l i o n  d o l l a r s .  The implementation of l e g i s l a t i o n  t o  p r o t e c t  the  
h e a l t h  and safe ty  of miners  r e f l e c t s  s o c i a l  and economic concern. 

The pol icy a l t e r n a t i v e s  f o r  e l imina t ion  of energy shortages have been severely 
r e s t r i c t e d  by environmental regula t ions .  
severe  f e d e r a l  r e s t r i c t i o n  and r i s k s  more r e g u l a t i o n s  on t h e  state and f e d e r a l  
l e v e l s .  
United S t a t e s ,  have not  been reclaimed properly,  S i l t a t i o n  of streams has r e s u l t e d  
and f i s h  have been k i l l e d .  S i l t  has  plugged channels and backed up waters  t o  flood 
a r e a s  previously a v a i l a b l e  f o r  r e c r e a t i o n  and farming. I n  regions containing high 
s u l f u r  c o a l ,  the streams have become a c i d i c ;  and a d d i t i o n a l  aquat ic  l i f e  is  k i l l e d .  
Publ ic  ou t rage  has  been p r e d i c t a b l e .  

Surface o r  s t r i p  mining of coa l  is under 

The s p o i l  banks which r e s u l t  from s t r i p  mining, p a r t i c u l a r l y  i n  t h e  eas te rn  

The need f o r  new technology t o  extend the  coa l  reserves  of the  Nation does not  
____ I..--_ .. ..". ..015 L.A8.. ALIUU-LLLPA y r ~ u i r r y .  k m e u t i c  coa i  reserves  
have been var iously est imated but  usua l ly  are deemed capable of s u s t a i n i n g  present  
t o t a l  n a t i o n a l  energy demands f o r  800 t o  4000 years .  
u t i l i z e  c o a l  resources  which a r e  p r e s e n t l y  uneconomical to mine, however, would 
extend t h e  recoverable energy from a given proper ty  and might therefore  be worth 
an i n t e n s i v e  research and development e f f o r t ,  
c lude  those which a r e  low i n  s u l f u r  and a r e  too deep o r  too t h i n  f o r  e x p l o i t a t i o n  
by p r e s e n t l y  a v a i l a b l e  methods. 

nr.-.l.al.l.. -I.-..l .l  I----- - L J - L  * -J . . - - - l  - 3  - - *  * .  

New technology t o  

The seams of p a r t i c u l a r  i n t e r e s t  in-  

Remote underground c o a l  mines have been developed i n  northern Europe. As a 
r e s u l t ,  t h e  industry t h e r e  has  become even more increas ingly  c a p i t a l  i n t e n s i v e .  
One drawback t o  t h i s  alternative i n  t h e  United S t a t e s  is t h a t  the  coa l  mining 
i n d u s t r y  has  had d i f f i c u l t y  i n  borrowing s u b s t a n t i a l  amounts of money f o r  long 
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time per iods  a t  low i n t e r e s t  rates, 
w e l l  known and segment5 of t h e  o i l  i ndus t ry  en tered  t h e  coal  mining indus t ry ,  ac- 
q u i s i t i o n  of equ i ty  c a p i t a l  had a l s o  been d i f f i c u l t .  
purchase has been t raced  t o  u n c e r t a i n i t i e s  over  o i l  import po l i cy  and environmental 
regula t ions .  Futhermore, t h e  European concept r equ i r e s  men underground f o r  equip- 
meqt maintenance. 
the  a c c e p t a b i l i t y  of undergrpund mining f o r  rap id  implementation under e x i s t i n g  work 
r u l e s  and union con t r ac t s .  

Un t i l  the  recent  shor tages  of energy became 

Some re luc t ance  f o r  s tock  

F i n a l l y ,  some ques t ions  have been r a i sed  i n  t h i s  country about 

With t h e  changes i n  economic and s o c i a l  c l imate ,  t h e  United S t a t e s  Bureau of 
Plineg in cqopgrat ion with a subs id ia ry  of  t h e  Union P a c i f i c  Rai l road has  reopened 
development work on underground c o a l  gas i f i ca t ion .  

Histo% - 
The f i r s t  re fe rence  t o  underground c o a l  g a s i f i c a t i o n  is dated 1868. ( l )  The 

mqpt ex tens ive  e f f o r t  occurred i n  t h e  Sovie t  Union from t h e  1930's t o  about 1960. 
Premier S t a l i n  had apparent ly  promised t h e  miners some r e l i e f  from d i f f i c u l t  working 
conditdons and had developed underground g a s i f i c a t i o n  technology i n  p a r t i a l  f u l -  
f;lllmen$ of h i s  promise, Some t i m e  a f t e r  S t a l i n ' s  death,  t h e  e f f o r t  was q u i e t l y  
dropped, probably because ex tens ive  o i l  and n a t u r a l  g a s  d i scover ies  made under- 
ground g a s i f i c a t i o n  uneconpmical. 

The most recent  tests i n  t h e  United S t a t e s  by t h e  Bureau of Ellnes have def ined  
two main problem aqeas.  
removed under cont ro l lqd  condi t ions .  
pus t  over lay  t h e  coa l  seam. 
product ion.  I n  most circumstances, t h i s  would requi re  e l e c t r i c a l  power generat ion.  
Since t h e  gqs from underground conversion technology has  had low hea t ing  va lue  
( l e s g  than 100 BTU/SCF). 
No previous publighed wqrk i n  undergroupd conversion of c o a l  t o  l i q u i d  has  been 
found , 

The product gas  must be  confined t o  t h e  r eac t ion  zone and 
This impl ies  t h a t  an  impervious bed of rock 

The product gas  must be  use fu l  f o r  high value energy 

The need is obvious f o r  technology t o  upgrade t h e  product .  

I ssues  
-7 

Undergroupd c o a l  l i que fac t ion  concepts  inc lude  s e v e r a l  which are adapted from 
underground c o a l  g a s l f i c a t i o n .  I n  the  b l i n d  borehole-backfi l l  system f o r  under- 
grpund gas i f ipa t ion ,  a simple w e l l  is d r i l l e d  v e r t i c a l l y  t o  t h e  c o a l  seam and then 
ho r i zon ta l ly  fop some d i s t ance  through t h e  c o a l .  The w e l l  is then doubly piped by 
a smaller diameter p ipe  wi th in  a l a r g e r  one, Reactants  are introduced through t h e  
c e n t r a l  p ipe  and products  a r e  withdrawn through t h e  ou te r  annulus. The p ip ing  system 
is withdrawn as coa l  is used up, A void is produced by c o a l  removal and t h e  empty 
volume is f i l l e d  with a water o r  s o l i d  waste  rock f i l l  material. The b l ind  borehole- 
b a c k f i l l  system has been recommended f o r  t h i n  coa l  seams by t h e  USBM repor t  on under- 
ground c p a l  gas i f i cq t ion .  

For somewhat thickeF seams, the  branched borehole-backf i l l  system has been 
vif jual ized.  
r e q c t a n t s  can be  admit ted i n t o  t h e  bottom of  a seam and products  withdrawn from t h e  
top. 

The borehole  is branched a f t e r  en te r ing  t h e  c o a l  seam so t h a t  t h e  

Proper domhole  b a f f l i n g  arrangements a r e  requi red .  

Very th i ck  seams lend themselves t o  t h e  v e r t i c a l  b l ind  bo reho le - f i l l  system 
during which t h e  concent r ic  feed and product p ipes  a r e  withdrawn v e r t i c a l l y  upward 
as t h e  coa l  is produced, F i l l  from t h e  feed  p ipe  o r  another  p ip ing  system read i ly  
accumulates i n  t h e  exhausted vplume. Each of t h e  s i n g l e  borehole  systems has  a 
m y l t i p h  borehole counterparq.  

Use of a s i n g l e  w e l l  f o r  feed reactants and f o r  withdrawal of products  obvia tes  
Boreholes can be  connected under- the  need f o r  connecting sepa ra t e ly  d r i l l e d  wells, 

ground by hydraul ic  f r a c t u r i n g ,  explosive f r a c t u r i n g  and var ious  modi f ica t ions  of  
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d r i l l i n g  o r  e lec t ro- l ink ing .  
gas  and petroleum f i e l d  e x p l o i t a t i o n  and underground coal g a s i f i c a t i o n .  Their  
p a r t i c u l a r  disadvantage f o r  use i n  underground c o a l  conversion systems lies in 
the r e l a t i v e l y  rap id  exhaust ion of t h e  hydrocarbon r e s e r v o i r  and the  need f o r  re- 
peated p r a c t i c e  of the l i n k i n g  procedure. 

Some of these techniques have been successfu l  f o r  

In remote mining schemes, t h e  del ivery of h o t ,  hydrogen-donor so lvent  t o  t h e  
c o a l  is a necess i ty .  
while  s t i l l  hot  i n t o  t h e  r e a c t i o n  zone underground, 

The so lvent  i s  hydrogenated convent ional ly  and introduced 

One of  t h e  p r i n c i p a l  problems underground is  t o  maintain t h e  s o l u t i o n  temper- 
a t u r e  in t h e  r e a c t i o n  zone. The t o t a l  heat  to  b e  suppl ied provides (1) t h e  hea t  
of vapor iza t ion  f o r  t h e  s o l v e n t ,  (2) the  energy t o  p r e s s u r i z e  t h e  so lvent  vapor 
in t h e  r e a c t i o n  zone i n  o r d e r  t o  prevent  excessive v o l a t i l i z a t i o n  of the  l i q u i d  
s o l v e n t  and t o  a c t i v a t e  t h e  so lvent  f o r  the hydrogen t r a n s f e r  r e a c t i o n ,  (3) the  
a c t i v a t i o n  energy f o r  t h e  coal s u r f a c e  so that t h e  r e a c t i o n  may proceed a t  an 
adequa:a r a t a ,  { r i )  losses ;a t h e  sui iounding rock, and f i n a l l y  ( 5 )  l o s s e s  incurred 
when the reac t ion  zone has  passed and f i l l i n g  o r  f looding occurs .  

The r e a c t i o n  i t s e l f  is considered t o  proceed through a t  least two important 
thermal s t a g e s .  F i r s t ,  t h e  coa l  s t r u c t u r e  i s  thermally a c t i v a t e d  so t h a t  p y r o l y t i c  
cracking o r  chain breaking of  hydrocarbons occurs .  La ter ,  hydrogen atoms a r e  re- 
leased  from t h e  donor s o l v e n t  and added t o  t h e  c o a l  f ragments . .  Between the  f i r s t  

and so lvent  form a viscous composite with high r e s i s t a n c e  t o  flow, The advantages 
of maintaining o r  e s t a b l i s h i n g  l o w  s l u r r y  v i s c o s i t i e s  are obvlous so t h a t  removal 
of c o a l  is b e s t  e f f e c t e d  e i t h e r  before  o r  a f t e r  t h e  g e l a t i o n  s t e p .  

. .  . . * - .--..--. . rscvr.2 p L i P S  .saCL.w,. Lup, vbcui. Z u r i r i ~  Ss'aLAuii \ - -a>u LLIS cuai 

Fur ther  Se t  of Issues Involved 

The design of an underground l i q u e f a c t i o n  process  r e q u i r e s  d e f i n i t i o n  of 
(1)  t h e  types of c o a l  seam most l i k e l y  t o  b e  leached o r  l i q u e f i e d  by the  phys ica l  
arrangements suggested above and (2) the  so lvent  o r  s l u r r y  material which would be 
most e f f e c t i v e .  Work was undertaken a t  West Virgin ia  Universi ty  t o  def ine  t h e  be- 
h a v i o r  of d i f f e r e n t  types of  c o a l  monoliths exposed t o  s e v e r a l  so lvents  under 
condi t ions  poss ib le  f o r  achievement underground. 

Apparatus and Procedure 

The test apparatus  w a s  a 750 m l  carbon steel autoclave f i t t e d  wi th  a Bourdon 
pressure  gauge and a thermocouple w e l l .  
arrangement, Gas i n l e t  and e x i t  l i n e s  permitted the  autoclave t o  be f lushed with 
n i t rogen .  
burner .  
of 270 - 280°C was used f o r  one series of experiments. 

Closure was e f f e c t e d  by a gasket and f lange 

No hydrogen was used. Heat was suppl ied  by a l a r g e  labora tory  Bunsen 
Reproducibi l i ty  of hea t ing  rate is, seen in Figure 1. A f i n a l  temperature 

Procedure cons is ted  of c u t t i n g  on a mechanical saw a 1" x 1" x 1 114'' monolith 
of t h e  coal  type t o  be t e s t e d .  Coals included a n  Oklahoma semi-anthraci te ,  an 
I l l i n o i s  16 sub-bituminous, and an Alabama l i g n i t e ,  Typical chemical analyses  a r e  
shown in Table 1. Afrer  being c u t ,  the  c o a l  was c a r e f u l l y  placed i n t o  the  autoclave 
and 250 m l  of  so lvent  was added. Solvents  included var ious  c u t s  of anthracene o i l  
(Table 2 ) .  and one commercial motor o i l  (SAE 30). The autoclave was sealed,  flushed 
with n i t rogen ,  and heated by means of t h e  burner ,  Figure 2 shows t h e  pressure  and 
temperature f o r  a run with  I l l i n o i s  #6 coal i n  anthracene o i l  so lvent .  
shows a similar run wi th  SAE 30 motor o i l  so lvent .  

Figure 3 
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Resul ts  

The c o a l  reac ted ,  cracked, crumbled, o r  d i sso lved  t o  a g r e a t e r  deeree i f  ex- 
posed t o  r e a c t i o n  condi t ions  f o r  a longer  t i m e  o r  a t  a higher  tempera ture .  
series of run a t  t h e  same t i m e  and temperature t h e  coa ls  reac ted  increas ingly  from 
semi-anthracite t o  l i g n i t e  to  sub-hi tminous.  
the  hydrogen donor anthracene o i l  w a s  more r e a c t i v e  than motor oil. The motor o i l  
was q u i t e  unreact ive.  

For a 

When d i f f e r e n t  so lvents  were used 

Recycled anthracene o i l  l o s t  r e a c t i v i t y .  

The c o a l  was  observed t o  f r a c t u r e  a t  t h e  planes of least  r e s i s t a n c e  vhich 
a r e  t y p i f i e d  hy t h e  j o i n t  and bedding p lan ts .  
c ludes bedding and cleavage planes he lps  in phys ica l  breal;dov~n of t h e  sample. 
j o i n t s  and hedding planes open, the  f l u i d  is a b l e  t o  p e n e t r a t e  deep i n t o  tho sample 
causing rap id  d i s i n t e g r a t i n g  of the  coal. 

The s t r u c t u r e  of c o a l  which in- 
As 

\ 

I n t e r p r e t a t i o n  of Reactions 

preted from the  IJork of Severson e t  a l . ( 2 r  Coal s o l u b i l i z a t i o n  most r a p i d l y  proceeds 
i n  a so lvent  which has a high h o i l i n g  poin t ,  the  a b i l i t y  t o  donate hydrogen, a 
r e l a t i v e l y  high d ipole  @loment, h e t e r o c y l i c  atoms and r i n g  s t a h i l i t y .  
during one o r  two cyc les ,  anthracene o i l  exhausts  i t s  a v a i l a b l e  hydrogen and 
l o s e s  the  a b i l i t y  t o  donate u n t i l  t h e  hydrogen has been replenished.  
e f f e c t  with the  motor o i l  is somewhat more d i f f i c u l t  t o  eva lua te  unequivocally. 
The high vapor pressure  exhib i ted  a t  r e a c t i o n  temperature suggests  t h a t  t h e  so lvent  
w i l l  be present  i n  low concent ra t ion  wi th in  t h e  r e a c t i o n  zone. More s i g n i f i c a n t l y ,  
the  s a t u r a t e d  s t r u c t u r e  of t h e  hydrocarbon makes t h e  motor o i l  a poor hydrogen 
r e l e a s i n e  so lvent .  

The e f f e c t s  of d i f f e r e n t  so lvents  u on t h e  r a t e  of t h e  r e a c t i o n  can be i n t e r -  

Apparently 

The l a c k  of 

The grada t ion  i n  r e a c t i v i t y  which was seen wi th  t e d i f f e r e n t  coa l  ranks may 
b e  i n t e r p r e t e d  i n  t h e  l i e h t  of suggest ions by 
tures ,  represented by Wender as analogous t o  fused carbon r i n e  systems, were 
v isua l ized  as s u b s t a n t i a l l y  aromatic  bu t  with occas iona l  s a t u r a t e d  r ings .  
system was jo ined  by oxygen br idges t o  ad jacent  s t r u c t u r a l  un i t s .  
as  d i f f i c u l t  to  t h e r n a l l y  c rack  (300 - 375OC) because of ex tens ive  oppor tuni t ies  
f o r  resonance and as d i f f i c u l t  t o  hydroeenate rap id ly  f o r  t h e  same reason. 
l ike l ihood of easy d i s s o l u t i o n  vas  t h e r e f o r e  not  con.3idered grea t .  

Semi-anthracite s t ruc-  

This 
These were seen 

The 

A similar a n a l y s i s  of chemical s t r u c t u r e s  f a i l s  t o  d i s t i n g u i s h  t h e  s o l u b i l i t y  
of bituminous coa l  from t h a t  of l i g n i t e .  
noted t h a t  l i g n i t e  f a i l s  t o  d i s s o l v e  a s  ex tens ive ly  o r  a s  r a p i d l y  as bituminous 
coal. 
weight of the  s t r u c t u r e  may form a b a r r i e r  to prevent  access  by s o l v e n t  to t h e  
i n t e r n a l  g r a i n  s t r u c t u r e .  

H i l l  e t  a1.(6) analyzed t h e  k i n e t i c s  and mechanism of s o l u t i o n  of a high 
v o l a t i l e  bituminous c o a l  and presented f i v e  ways i n  which t h e  r e a c t i o n  might pro- 
ceed. These include:  (1) disso lv ing  o u t  of included materials, (2) d i s s o l u t i o n  of 
t h e  c o a l  s t r u c t u r e  i n  t h e  presence of a l a r g e  volume of so lvent ,  (3) d i f f u s i o n  Out 
of t h e  micropores, (4) hydrogen t r a n s f e r  r e a c t i o n s  and (5) so lvent  imhihi t ion.  
Applicat ions were discussed f o r  t h e  o r d e r  of t h e  r e a c t i o n  with respect t o  t h e  
coa l  and wi th  respec t  t o  t h e  so lvent .  
t h a t  l i t t l e  swel l ing occurred. 
work where gross  volume increases  of about t h r e e  t i m e s  were observed i n  t h e  c m e  
of the  I l l i n o i s  Seam 116 sub-bituminous coal. 

E a r l i e r  w o r k ( 4 ~ 5 )  has, however, 

The l i g n i t i c  s t r u c t u r e s  i n  l i g n i t e  which comprise up t o  50 percent  by 

The d iscuss ion  proceeded on t h e  a s s m p t i o n  
This assumption was not v e r i f i e d  i n  t h e  p r e s e n t  

The t e n t a t i v e  conclusion based on a p p l i c a t i o n  of the  t h e o r i e s  of IJender and 
The of H i l l  t o  the  present  research  is t h a t  t h e  c o a l  imbibes so lvent  and s w e l l s .  
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swe l l ing  is accompanied by a c lose  a s soc ia t ion  of coa l  and so lven t  and a t r a n s f e r  
of hydrogen t o  the cohesive s t r u c t u r e s  between t h e  micelles o r  mic rop la t l e t s  of  
c o a l .  The cohesive s t r u c t u r e  is weakened; t h e  c o a l  forms fragments,  and t h e  a c t i o n  
of g rav i ty  o r  f l u i d  turbulence removes t h e  coa l  fragments from t h e  immediate 
v i c i n i t y  of t he  coa l  face .  

Implicat ions f o r  Underground Liquefact ion 

The implicat ions of t h i s  proposed mechanism upon t h e  conceptual design of an 
underground l ique fac t ion  process  appear s i g n i f i c a n t .  
n o t  be completed underground; t he  r eac t ion  may begin underground and be completed 
a t  t h e  su r face .  I f  t he  v e r t i c a l  borehole scheme is u t i l i z e d  (Figure 4 )  t h e  pro- 
cess might b e  as follows. The borehole is d r i l l e d  through the  t h i c k  coa l  seam 
a n d  a h o t ,  hydrogen donor so lven t  is introduced i n t o  t h e  bottom o f  t h e  borehole.  
The so lven t  is maintained under p re s su re  t o  reduce so lven t  vaporizat ion and t o  
l i m i t  t h e  r eac t ion  zone as much a s  poss ib l e  t o  the  bottom of t h e  c o a l  seam. After  
some coa l  h a s  reacted and h a s  f a l l e n  from the f a c e  of t h e  seam, t h e  recovery s t e p  
i s  begun. Solvent ,  now a s l u r r y  medium, under tu rbu len t  flow cond i t ions  is i n t r o -  
duced t o  suspend coa l  fragments and c a r r y  t h e  fragments t o  the  su r face .  After  
s i g n i f i c a n t  void volume is produced, t he  so lven t  volume would become too g rea t  f o r  
economy. Water would b e  introduced t o  f lood the  void and t o  f l o a t  t h e  so lven t  up- 
W ~ L ;  asai i is~ ~ i r a  unreaccea segmenr: or tne c o a l  seam. The loosened c o a l  could b e  
co l l ec t ed  pe r iod ica l ly  i n  t h e  tu rbu len t  stream as be fo re  o r  could b e  co l l ec t ed  
continuously with water as t h e  s l u r r y  medium. A t  t h e  s u r f a c e  the  coa l  fragments 
would be separated by f i l t r a t i o n  from the  water s l u r r y  medium o r  i f ,  i n  a so lven t  
s l u r r y ,  would be admitted i n t o  the  pretreatment  s t e p  of t h e  complete l i q u e f a c t i o n  
process  a t  t h e  surface.  

The d i s s o l u t i o n  of coa l  need 

Host Rock 

The h o s t  rock would b e  of s p e c i a l  importance in t h i s  conceptual design. The 
hos t  rock would necessa r i ly  b e  impervious t o  loss of  vapor from t h e  so lven t  o r  to  
seepage outward of hydrogen donor so lven t  and water flood. Moreover, t h e  hos t  
rock should be unreactive when exposed t o  t h e  thermal shocks and high thermal gradi-  
ents.  Some sha le s  may r e a c t  with h o t  water or solvent .  Af t e r  swe l l ing  and s p a l l i n g  ' 
t h e  s h a l e  p a r t i c l e s  would b e  c a r r i e d  away with t h e  coa l  and con t r ibu te  t o  a high 
l e v e l  of  waste mineral ma t t e r  i n  the  subsequent process .  Considerable disadvantage 
is apparent  i n  t h i s  c a s e  s i n c e  d i s p o s a l  o f  mineral  waste can b e  inconvenient and 
expensive.  Poss ib ly ,  the carbon content  of t he  h o s t  rock could b e  ex t r ac t ed  t o  pay 
for t h e  d i sposa l  of t he  a d d i t i o n a l  mineral  matter. More l i k e l y  i n i t i a l  tes ts  would 
b e  performed on coa l  seams with unreact ive h o s t  rock. 

Surface subsidence and minor seismic shock e f f e c t s  are experienced with most 
mining techniques.  I n  t h e  p re sen t  concept their  abatement can be planned. The 
process would be designed t o  include access w e l l s  so placed as t o  permit coa l  p i l l a r s  
to remain and t o  support  t h e  roof.  
duct ion o f  so lven t  leakage and r e s t r i c t i o n  o f  t h e  areas i n t o  which coal fragments 
might f a l l  and from which coal p a r t i c l e s  could be recovered. 

Secondary b e n e f i c i a l  e f f e c t s  i nc lude  t h e  re- 
' 

Sumnarx 

Even i n  the  absence o f  hydrogen seve ra l  coa l  types undergo a swe l l ing  and 
s p a l l i n g  r eac t ion  e a r l y  i n  their  l i q u e f a c t i o n  r eac t ion  with hydrogen donor so lven t s .  
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t 
The coal8 increase the ir  react iv i ty  i n  the  order semi-anthracite, l i g n i t e ,  and 
sub-bitminous. 
reaction. To u t i l i z e  these observations a concept i s  presented which may lead 
to  an underground coal l iquefact ion process. 

Increased temperature and reaction t i m e  increase the extent of 

t 
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TABLE 1 

COAL ANALYSES 

Oklahoma (Semi-anthraci te) 

Moisture X - 
Volatile Matter 17.3 
Ash 7.6 
Fixed Carbon - 
LzaLi i ig  Vaiue incui 

1 15,570 

Illinois Numher 6 (Suh-bituminous) 

Moisture % 14.7 
Volatile Matter 37.2 
Ash 15.7 
Fixed Carbon 47.1 
Heating Value @tu/ 

# 1 9980 

Alabama (Lignite) 

Moisture % 37.8 
Volatile Matter 40.8 
Ash 11.1 
Fixed Carbon - 
Heating Value (Btu/ 

!J! V , " l "  
0 nrn 

S 
H 
C 
N 

s 
H 
C 
N 

0.6 
4.2 
83.8 
1.2 

92.4 

4.5 
4.4 
66.1 
1.2 

8.1 

1.1 
4.3 
64.5 
1.0 

i6.0 

i 

1 

1 
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TABLE 2 

FRACTIQNATI(IN OF CRUDE ANTHRACENE O I L  IN NITROGEN ATMOSPHE;W 

Light 8nds  

Middle Fraction 

Heavy Ends 

Roiline Range Volume z 

Amhient - 300°C 48 38.1 

" C  ml By Volume 

300°C - 400'C 58 46.1 

1 4 . 6  400°+C - 18 - 
124 1oo.n 
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THERMAL SYNTHESIS AND HYDROGASIFICATION 
OF AHOMATIC COMPO- 

H. N. Woebcke, L. E. Chambers, P. S. V i r k  

In  order to synthesize low sulfur fue ls  from coal, the Stone & Webster 

Cos1 Solution Gasification Process employs the stepwise addition of 

hydrogen to coal. Enough hydrogen i s  added i n  the f i r s t  s tep  to convert 

the coal  to l iquids ,  which are then hydrogasified to methane, ethane and 

aromatic l iqu id  products. 

Since both these s teps  involve reactions of aromatic type molecules, 

the possible chemical pathways involved for t h e i r  thermal react ions 

have been studied,along with the kinet ics  of some of the l imit ing cases. 

Avail-able dzta  show t h a t  aromatics are  formed by pyrolyzing any of the 

simple paraff inic  hydrocarbons. 

the production o f  olef inic  intermediates. 

Formation appears to proceed through 

It was f e l t  t h a t  a t o o l  i n  evaluating the re la t ive  r a t e  of decomposition 

of simple aromatics would be their respective delocal izat ion energies, 

which can be calculated f r o m  simple o r b i t a l  theory. Available k i n e t i c  

data showed this to be m e .  

O f  the aromatics studied - benzene, d i p h e q l ,  naphthalene, phenanthrene, 

chrysene, pyrene, and anthracene - the rata of decomposition was found 

to increase i n  that order. 

rapidly as  benzene. 

intermediate compounds are  ordered inversely w i t h  respect  to t h e i r  

delocalization energies,  

Anthracene decomposes almost 800 times as 

Further, it was found t h a t  the k ine t ics  for the 
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A f u r t h e r  consequence of the r e l a t i o n  between delocalization energy 

and kinet ics  i s  that the rate of aromatic decomposition should be 

independent of the hydrogen p a r t i a l  pressure, or the character of 

the products. 

be independent o f  hydrogen p a r t i a l  pressure, from 0.1 to 100 atmospheres. 

Data showed the r a t e  of decomposition of benzene to 

A t  h igh hydrogen p a r t i a l  pressures, benzene decomposes pr imari ly  to 

methane, a probable intermediate being cyclohexadiene. 

. .  A +  Lzi L-- -1___- -  ----L:-- - -- - .V--u6Y.. yyL pAoaaw"a, G U ~ Q  IY iiia i inal .  proaucz. 'me 

intermediate in t h i s  case i s  probably diphenyl, w i t h  coke formation 

proceeding through stepwise react ions involving diphenyl ra ther  than 

the progressive addi t ion of  benzene molecules. 

conversion of benzene to diphenyl i s  rapid, and essent ia l ly  a t  

equilibrium, w i t h  the  second s tep,  the production of coke from 

diphenyl, being r a t e  controll ing.  

It appears that the 

Aromatic Synthesis 

When pyrolysis i s  carr ied out  a t  low pressure - for example, i n  steam 

cracking for  o le f ins  production, *&e yie ld  of methane and benzene 

increases monatonically a s  severi ty  i s  increased, u n t i l  conversion 

to coke becomes significant., 

( i )  E a r l y  invest igat ions 

from a l l  simple o l e f i n s  and paraffins.  

5 w t  $ were obtained from methane by pyrolysis a t  1,050 C for 10 seconds, 

showed that aromatic l iqu ids  could be 'produced' 

MaJdrmun aromatic y ie lds  of 
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I. 

while propane gave a y i e ld  of 12% a t  550 C. 

werz found to give higher y i e lds  of aromatic l iqu ids  t h a n  paraffins 

w d  at lower temperature. For example, at  10 seconds residence time, 

propylene yielded 19% aromatics a t  800 C, compared to 12% a t  850 C 

alresdy noted fo r  propane. 

I n  general, o l e f in s  

Most investigators concluded tha t  aromatics formed from paraffins 

during pyrolysis involved, as  a preliminary stcp,  the  formation of 

o ie f ias ,  a l l  o le f ins  from C2 to C q  playing a j i gn i f i can t  role in the 

synthesis. 

Stuili,es also shaded that nitrogzn acted as a t rue diluent,  reducing 

the rate by reducing the p a r t i a l  pressure of  the reactants. Oxygen 

enhanced the formation of aromatics from olefins,  w h i l e  hydrogen 

inhibited zromatization. 

twough olefins,  i t  is  reasonable to assume that this was a r e s u l t  of 

the hydrogenation of the o le f in i c  intermediates. 

Since the formation of aromatics proceeded 

An in te res t ing  observation was t h a t  reactions l e d i n g  to the m-um 

e o a a t i c  yield from rl if ierent l i g h t  paraffins and o le f ins  generally 

produced a liquid haviiig about the same composition, i.e., 

0 w t  % Nonocycxc komatic  

20 u t  % Dicyclic 

10 w t  d p  Tricyclic 

As c o n v c s i m  7rogressed beyond peak aromatic conversion, coke was 

fa-me.i, presumably from aromatic precursors. 

r' 
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Figure 1 shows data  of Kunugi and h e y  and Crowley re la t ing  methane 

and aromatics y ie ld  w i t h  ethylene conversion. 

invest igators  form a smooth curve, the former l imited to low 

conversions. 

The data of both 

Figure 2 presents siinilar information for propylene. 

aromatics and methane production are l inear  w i t h  conversion up to the 

point of maximum aromatics production. This i s  shown more c lear ly  on 

Figure 3 which i s  a r e p l o t  of data  from the f i rs t  two figures.  

For both olef ins ,  

Cracking data  for naphtha obtained from the Stone & Webster bench scale 

pyrolysis u n i t  show this same charac te r i s t ic  relationship.  

somewhat unanticipated r e s u l t  i s  t h a t  the relat ionship bebeen  methane 

and aromatics y ie ld  is essent iaUy independent o f  pressure, over a 

very wide range of pressure conditions. 

Here a 

Some fur ther  ins ight  on the e f f e c t  of hydrogen p a r t i a l  pressure on the 

formation of aromatics can be found in the work of Moignard(2)et al. 

These experimentors found t h a t  under conditions selected for  the 

conversion o f  l i g h t  paraff inic  hydrocarbons to methane and ethane, there 

w a s  s t i l l  a s ign i f icant  production of aromatics. 

preciimpt.i.cn Lkt. e-c-~+Lcz 2-c pr*~ced fz~-on " le&~z,  h i s  suggested 

that the hydrogenation of the intermediates to paraff ins  was not  rapid 

enough to i n h i b i t  aromatic formation. Using methane formation as a 

guide to cracking severi ty ,  it is  in te res t ing  to compare Moignard's 

da ta  for  a l i g h t  paraf f in ic  naphtha, w i t h  other noted e a r l i e r .  

In view of the 
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This i s  shown on Table 1 (Slide 5) e 

hydrogen does significant& reduce the relative y ie ld  of benzene to 

me thane. 

As indicated, the presence of 

&matic Decomposition 

The remainder of this study was l imited ta noncatalytic reactions 

j-nvolving r e l a t ive ly  small aromatic molecules. 

studied are shown on Table 2 (Slide 6 ) .  

hydrogen content of 5.3 u t  $, compared to benzene w i t h  7.9 u t  % H2. 

Some of  the compounds 

The la rges t ,  chrysene, has a 

The detailed chemical pathway( s) for  aromatic molecule hydrogenolysis 

i s  u&nown, but it i s  convenient to consider it composed of three steps: 

1. Aromatic R i n g  Destabil ization 

2. Breakdown to Fragments 

3 .  Fragment Reactions 

These are describcii i n  turn. 

hromatic Ring Destabil ization 

The above demarcation s t e m s  from the we 1-known chemical premise that 

aromatic compounds owe the i r  unusual s t a b i l i t y  to a de loca l iza t ion  of 

pi-electrons among the ring molecular framework. To g e t  aromatic 

molecules to reac t ,  the "delocalization energy" must be overcome. 

Since t h i s  energy is  large,  of the order of 40 kcal/mol, i n i t i a l  

des tab i l iza t ion  of  the aromatic ring i s  invariably the rate determining 

step.  This argumeqt predicts t h a t  the r eac t iv i ty  of a l l  aromatic 

compounds should be ordered inversely to the i r  delocdlization energy. 

These energies can be computed from simple molecular o r b i t a l  theory. 
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Some indication of how this agrees with observation i s  given i n  

Table 3 (Slide 7), which shows the r e l a t ive  rates a t  which methyl 

rad ica ls  a t tack  some of  the compounds of i n t e re s t .  

the ra tes  a re  ordered according to the  delocalization energy. 

same pattern i s  observed for  a wide va r i e ty  of reactions,  such as 

f r ee  rad ica l  attack, n i t r a t i o n  and sulfonation. Further, note that  

benzene and anthracene represent the extremes of r eac t iv iw .  

Notice that a l l  

The 

A second consequence of  the  i n i t i a l  des tab i l iza t ion  step being r a t e  

determining i s  that, since the further course of reaction exer t s  l i t t l e  

influence on the ove ra l l  rate, a given aromatic molecule should r e a c t  

a t  a rate essen t i a l ly  independent of the products being formed. T h i s  

implies, f o r  example, that r a t e s  of benzene decomposition during 

hydrogeno2ysi.s and pyrolysis be comparable even though the products - 
methane bnd coke - are s t r ik ingly  d i f fe ren t .  

while qua l i ta t ive ly  true,  is  no t  quant i ta t ive ly  as u e l l  obeyed as the  

f i r s t .  

This second consequence, 

Breakdown to Fragments 

Possible pathways for aromatic decomposition are i l l u s t r a t e d  on Figure 5 

(Slide 8) .  

The destabil ized aromatic ring i s  a short-lived species which w i l l  

e i t h e r  r eve r t  to t;ie o r ig ina l  s tab le  aromatic ring or su f fe r  a breakdown 

to various fragments, 

be nonaromatic and hence subject to more conventional reaction pathways. 

For example, the des tab i l ized  benzene nucleus may go to cyclohexadiene, 

In  the la t ter  event, some of b e '  fragments w i l l  
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o r  it may go to phenyl, pentadienyl or allyl  radicals ,  which w i l l  

h t h e r  pyrolyze or be hydrogenated. 

r ings,  e.g., anthracene, the i n i t i a l  breakdown products are very 

l i k e l y  t o  contain smaller aromatic r ings,  e.g., benzene, i n  addition 

to nonaromatic fragments'. 

For aromatics w i t h  multiple 

Fragment Reactions 

The nonaromatic fragments formed from aromatic r ing  breakdown can 

undergo a grea t  var ie ty  of reactions,  among which are: (a) Molecular 

Reactions, such as simple f i s s i o n  (pyrolysis) o r  hydrogenation- 

dehydrogenation reaction; (b) Concerted electrocycl ic  reactions,  for  

example, f i s s ion  and rearrangements; (c) Free rad ica l  chain reactions such as 

hydrogenation/dehydrogenat-ion, and polymerization, 

The complexity of possible fragment pathways can be reduced by cer ta in  

generalizations.  

Molecular f i ss ions  have high act ivat ion energies  about equal to the 

strength of the bond being broken. 

break much faster than t h e  very smallest. 

order of s t a b i l i t y  i s  methane, ethane, propane, butane, and the 

approximate f i s s i o n  rata constant fo r  ethane i s  O.Ol,.; that for  butane. 

Likewise, a lkyl  benzene or other aromatics containing side chains w i l l  

tend to lose these much fas te r  than t h e  aromatic nucleus i s  destabil izad. 

As a resu l t ,  larger  hydrocarbons 

Among the paraff ins ,  the 

- 

Electrocyclic reactions,  which are  concerted, are  usually much faster 

than molecular reactions which involve bond breaking or m a k i n g .  
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Free radical  chains, when operative, can be much f a s t e r  than molecular 

pathways. 

f r e e  radicals  w i l l  abound. 

I n  our case, a t  the high temperatures required for  hydrogenolysis, 

It is  probably reasonable to suppose that the hydrogen-olefin-paraffin 

chain pathways are  so f a s t  t n a t  equilibrium prevai ls  among these components. 

Rate and  equilibrium da ta  indicate  t h a t  the segments of the pathway from 

benzene fraprnentslt.inn t,-. -+h-ce f c - y z E ~ r .  L-: CZ;C;';~ 'L & ;=ai, r a i a i i v e  

to benzene des tab i l iza t ion  tmd ethane pyrolysis. 

i s  that whereas the ring destabi l izat ion s tep  (1) i s  expected to be 

essent ia l ly  unaffected by hydrogen, the subsequent product pathways 

(s teps  2 and 3) - whether hydrogenolysis to gas or pyrolysis to coke - 
should be qui te  strongly influenced by hydrogen concentration. Finally,  

multiple-ring aromatics  w i l l  break down into both nonaromatic and 

aromatic fragments, o f  which the former w i l l  decompose fur ther  by the 

reactions of s tep  (3) ,  while the l a t t e r  w i l l  tend to lose side chains 

and go to benzene, the s t a b l e s t  aromatic, which w i l l  then fur ther  r e a c t  

v ia  the pathway o f  Figure 5 (Slide 8) e 

A fur ther  point to note 

Data Analysis 

The essent ia l  theore t ica l  hypothesis that aromatic react ion r a t e s  we 

controlled by the r i n g  destabi l izat ion s tep  can be t e s t e d  by comparing 

the rates of hydrogenolysis and pyrolysis. I f  the hypothesis i s  true,  

the ra tes  of decomposition of a given aromatic compound should be 

identic 'al  for e i t h e r  process. 

associated act ivat ion energies should correlate  w i t h  the delocal izat ion 

energy of that compound. 

Further, react ion r a t e s  and t h e i r  
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Sources of experimental information for  the aromatic compounds of 

i n t e r e s t  t o  us are l i s t e d  i n  Table 4, along w i t h  associated react ion 

conditions. I n  each case, the da ta  were processed by the usual  simple 

methods to yie ld  f irst  order rate constants kl, sec-l  as a function of 

temperature f o r  the initial decomposition o f  the aromatic: 

Product; - dCA = - klCA 
d t  

A kl : 

It should be noted that the assumption of f i r s t  order k ine t ics  was not  

generally ver i f iab le  f'rom the data and consequent;ly the precision o f  

these inferred r a t e  constants i s  not  especial ly  good; but the r a t e s  

are  probably of the r i g h t  order of  magnitude i n  a l l  cases. 

Results obtained fo r  benzene and anthracene, theoret ical ly  expected 

to be the extreme cases, are  presented on Figure 6 (Slide 9). 

-ne Uecomposition ib- 

It i s  apparent that ,  while the data of separate invest igators  can each 

be f i t t e d  w i t h  s t ra ight  l i n e s  o f  somewhat d i f fe ren t  slopes, all the 

da ta  are  adequately described by the single heavy line shown. This 

indicates  t h a t  the rates of benzene decomposition during hydrogenolysis 

and pyrolysis are  essent ia l ly  the same over a rather wide range of 

experimental conditions. I n  par t icular ,  the insens i t iv i ty  to hydrogen 

pressure, which var ies  from 0.1 a b  t o  100 a b ,  i s  noteworthy. The 

experimentally observed equal i ty  among benzene decomposition rates 

suggests a common rate-determining s tep  w h i c h ,  i n  turn, lends support 

to the thought t h a t  aromatic r ing  destabi l izat ion,  common to both 

hydrogenolysis and pyrolysis reactions,  i s  rate-determining. 
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Benzene DecomDosition Products 

Some fur ther  i n s i g h t  into the reaction pathway can be obtained from 

the reported react ion products. 

the lowest temperature data (Lang,  900 F) show diphenyl as the sole 

product, whereas the higher temperature data (Schuitz, 980-1,200 F, 

Dent, i,100-1,500 F) indicate  m a i n l y  methane and some e h e  a s  products, 

with the mole r a t i o  C 2 / C 1  tending to uni ty  a t  benzene conversions below 

5%, while approaching zero at  high benzene conversion. 

product suggests e i t h e r  a destabil ized r i n g  breakdown to a phenyl 

Pzgment o r  a concerted hydrogen elimination from b o  benzene molecules. 

I t  i s  also in te res t ing  because it rapresents n e t  dehydrogenation of  the 

benzene for purely k ine t ic  reasons even though thermodynamic equilibrium 

strongly  favors gasif icat ion.  

In the presence of substant ia l  hydrogen, 

The diphenyl 

None of the above authors repor t  coke (carbon) formation, nor do they 

mention any hydrogenated c6 l iquid products. 

on Schultz 's  data  reveal  t h a t  the empirical formula C g H ,  of the Cg+ 

components does change from n=6 to n=8 as benzene conversion proceeds 

from 0 to 50$, indicat ing a t  l e a s t  some d i r e c t  hydrogenation of the c6 

ring. 

products a r e  pr inc ipa l ly  hydrogen and methane. 

variable,  about 2-4 i n  Dent's experiments (1,100-1,450 F, 50 atin N2) and 

8-30 in  Kinney's case (1,450-2,000 F, 1 atan N2). 

s m a l l  amounts of ethane (C1/C2=1) a t  the temperatures of  1,100-1,300 F 

while Kinney detected t races  o f  acetylene. 

However, hydrogen balances 

In the absence of much hydrogen (pyrolysis) ,  the gaseous reaction 

The Hz/CHk mol r a t i o  i s  

Dent also reports  

7 
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Dent makes no mention of coke or  condensed products, but  Kinney reported 

diphenyl and carbon (coke) as the major products of benzene pyrolysis and 

showed fur ther  (as shown on Figure 7, Slide LO) t h a t  the diphenyl/carbon 

product r a t i o  decreased i n  the presence and increased in the absence of  

coke packing, even though the packing d id  not  appreciably a f f e c t  the 

overa l l  benzene decomposition ra te .  The implications concerning the 

benzene to dipheqyl to coke pathway are, first,  t h a t  both r i n g  

destabi l izat ion and breakdown are probably noncatalytic,  homogeneous 

gas phase s teps  and, second, t h a t  the carbon formation react ion i s  

catalyzed by the product, coke, and probably does not  involve fur ther  

benzene par t ic ipat ion.  

Anthracene Decomoosition 

The two sources of anthracene decomposition data are Dent and h e y .  

For benzene, the coincidence between decomposition r a t e s  during 

pyrolysis and hydrogenolysis a l s o  supports the notion that r i n g  

destabi l izat ion i s  rate-determining. 

ikcomposition products from anthracene pyrolysis noted by Kinney 

were mainly carbon, with the carbon formation catalyzed by coke. 

Product gases were mainly hydrogen and methane, H2/CH4 = 10, w i t h  

t races  o f  acetylene. 

mainly methane and ethane and small aromatic rings, benzene, and 

naphthalene. No carbon formation uas reported. Dent repor t s  only 

the f ract ion of anthracene converted to gas. 

the breakdown of a destabi l ized anthracene ring, i n  the presence of 

The hydrogenolysis products noted by Dent were 

It appears likely that 
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hydrogen, leads to one benzene molecule as a fragment. 

associated w i t h  t h i s  initial. anthracene breakdown contains methane 

and ethane i n  the mol r a t i o s  C1/C2 = 3.5 a t  1,200 F and 5.3  a t  1,300 F. 

This does not  yield any c lear  clues about the nonaromatic fragments 

except, perhaps, t h e t  E &carbon specied (which would give Cl/C, = 2) 

may be involved. 

la rge  to be explained by simple ethane pyrolysis with methyl rad ica l  

hydrogenation. 

The gas 

The change in C1/c2 r a t i o  w i t h  temperawe i s  too 

Other Aromatic Molecules 

Decomposition ra ta  d a t a  for some of the other aromatic molecules of 

i n t e r e s t  are  shown on Figure 8 (Slide ll) , 
points l i e  bebeen the anthracene and benzene limits and reasonably 

s t r a i g h t  l i n e s  can be drawn to represent the var ia t ion of decomposition 

r a t e  constant vs. temperature for each o f  the molecules. 

Substant ia l ly  all of the 

Decomposition products observed were as follows: 

DivhenvJ,: During hydrogenolysis a t  930 F, 200 atin H2, benzene 

was the sole product. The products of  pyrolysis, besides coke, are not  

c lear  because the diphenyl r e s u l t s  a re  derived from the benzene pyrolysis 

da ta  of KiMey. 

Navhthalene : During hydrogenolysis a t  1,160 F and 200 atn H2 , 
Schultz reports  methane, ethane and s m a l l  amounts of  propane in the gas 

w i t h  the molal C1/C2 

s igni f icant  amounts, and t races  of toluene and ethylene were a l so  found. 

1 a t  low conversions. Benzene was detected in 
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Hydrogen balances indicate  some d i r e c t  hydrogenation of the C10 r ing  

as well, but no coke formation was reported. During pyrolysis, Kinney 

found the gaseous products are  mainly hydrogen and methane w i t h  t races  

of acetylene a t  l,5OO-l,8OO F in 

was solid ca-.bon, and t races  of  condensation products l i k e  2-2' binaphthyl 

and perilene were a l s o  detected. 

to diphenyl and suggests an analogous pathway to coke. 

N2 a t  1 a h .  The pr incipal  product 

The binaphthyl is, o f  course, analogous 

Chrvsene: Orlow found w i t h  70 a h  H2 that the hydrogenolysis reaction 

products (by weight) were 25% methane, 35% coke, with the remaining 

40% containing phenanthrene, naphthalene, benzene, and various hydrides 

of each. 

of acetylene i n  the gas, and so l id  carbon. 

The pyrolysis products were hydrogen and methane w i t h  t races  

Correlation 

The experimental decomposition r a t e  constant data  can be f i t t e d  by the 

s+uraight l i n e s  shown t o  yield Arrhenius expressions of the form 

kl = A exp (-E*/RT) 

for each molecule. Values of these Arrhenius parameters, the frequency 

fac tor  A and act ivat ion energy E*, are  collected in Table 4 (Slide U), 

effect ively summarizing the available data.  

According to Molecular Orbi ta l  theory, the act ivat ion energy should be 

proportional to the delocal izat ion energy, i .e. ,  a p l o t  of E" (experimental) 

VS. delocalization energy (calculated) should have all molecules lying 

on the l i n e  between the or ig in  and the benzene coordinates. 

(Slide l3), an arithmetic p l o t  of act ivat ion energy vs. delocal izat ion 

Figure 9 
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energy, shows a trend i n  accord w i t h  theory. 

the two cases w i t h  most data,  are i n  especially good agreement. 

Anthracene and benzene, 

Ef fec t  o f  Hvdroaan 

While it appears that tue rate-determining aromatic. ring destabi l izat ion 

s t e p  i s  essent ia l ly  unaffected by hydrogen, the products of decomposition 

most assuredly are.  

decomposition pathway from pyrolysis, which leads primarily t o  solid 

carbon (coke), to hydrogenolysis, where the product is gas, mainly 

methane. Understanding how hydrogen concentration controls the 

crossover between pathways is  of in te res t .  However, since the 

detai led pathway is  n o t  expl ic i ty  defined, we w i l l  focus on ly  on a 

few aspects expected to be important. 

r e f e r s  to benzene decomposition, since t h i s  case has the most data. 

Increasing hydrogen concentration switches the 

Much of the following discussion 

Thermodvn amic E q u i l i b r i u m  

It is  of i n t e r e s t  t o  examine the equilibrium concentration of Hz, CH,,, 

and C6H6 d ic ta ted  by the following reaction: 

I$, a t  1,3@ F 

k i l u  
(1) c6H6 + 9 '12 -CHq 10.5 -4 

(3 )  C b K b  - 6C ?. :E2 AU.)l 

(3) CHh - W;! + C 1.3ll 1 

+2 . L  cri 

where (a) is the exponent t o  tile base 10 and (b) i s  

the power of the pressure t e r m  i n  atmospheres \ 
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Calculations for t h i s  system show t h a t  carbon can always form before 

benzene has reached gas i f ica t ion  equilibrium. 

Fbrther, a t  atmospheric pressure, carbon formation can occur a t  very 

low benzene conversions, unless very la rge  excess of hydrogen is  used. 

A t  a f i x e d  hydrogen to benzene r a t i o ,  increasing the total pressure 

favors gasif icat ion and re ta rds  carbon deposition, based on equilibrium 

considerations. 

A study was therefore made of the e f f e c t  of total pressure, hydrogen 

to benzene r a t i o  i n  the feed, and benzene decomposition on the gross 

heating value of the product gas. 

a t  which r e t i o s  o f  hydrogen to methane i n  the prodcut gas would be i n  

excess of t h a t  required to i n h i b i t  the presence of carbon a t  equilibrium. 

The r e d t s a r e  presented on Figure 10 (Slide l.4). 

The study was l imited t o  conditions 

Note t h a t  a 15% decomposition of benzene, the maximum heating value 

t h a t  can be obtained a t  1,@0 F i s  about 800 Btu/SCF, while a t  1,500 F 

the GHV would be reduced to about 600 Btu/SCF - under conditions where 

no carbon could e x i s t  a t  equilibrium. The pr incipal  curves, i.e., 

those r e l a t i n g  benzene conversion w i t h  GHV of product gas, are  those 

for constant pressure and hydrogen to c6% r a t i o  i n  the feed. 

H2/C6% r a t i o s  selected for  plot t ing a t  any given total pressure were 

those leading to maximum product GHV f o r  a given benzene conversion. 

The 

1 1 1  
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Carbon Formation 

Coke i s  the t e r m i n a l  product of the aromatic pyrolysis pathway and it i s  

of some i n t e r e s t  to explore the formation mechanism. Ins ight  i n t o  t h i s  

process is provided by the benzene pyrolysis data  of Kinney (1954) i n  a 

flow reactor.  The diphenyl concentration vs. time behavior reported 

by Kinney i s  charac te r i s t ic  of an intermediate i n  a sequential  reaction 

A + B C wherein A (benzene) decreases and C (carbon) increases,  

both monotonic w i t h  time, while the intermediate B (diphenyl) increases 

a t  s m a l l  times and decreases a t  long times. 

compare r e s u l t s  a t  the same temperature, 1,800 F, with and without coke 

packing as shown in Figure 7 (Slide 10). 

carbon formation proceeds through a sequence of react ions i n  ser ies  

It i s  a l s o  ins t ruc t ive  to 

T h i s  fu r ther  suggests t h a t  

The f i r s t  reaction i s  unaffected by coke, whereas the second i s  catalyzed 

by coke. 

increasing the intermediate diphenyl concentration as observed. 

Removal of ca ta lys t  would slow down the second reaction, thus 

I n  regard to the molecular reactions leading to carbon, the l i t e r a t u r e  

contains many references t o  a benzene-by-benzene addition w i t h  hydrogen 

elimination (2). 

Some of the intermediate products, e .g., diphenyl-benzenes and triphenylene 

have indeed been detected i n  the tarry residue resu l t ing  from benzene 

pyrolysis. However, i f  (2) were the main pathway to carbon, it would 
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essent ia l ly  involve benzene i n  every s tep and so carbon forma'tion 

should be very high order i n  benzene. 

carbon formation should strikingly increase the benzene decomposition 

rate (and vice-versa). 

reactions with benzene in every s tep  would fzce the maximum benzene 

delocalization energy bar r ie r  compared to reactions between more 

condensed species with l e s s  LE than benzene. Thus, although the 

concentrations of tne condensed species would undoubtedly be lower 

t h a  benzene, the adverse e f f e c t  of lower concentration on overa l l  

reaction r a t e s  could eas i ly  be o f f s e t  by the lower act ivat ion energies,  

and nence higher r a t e  constants, of the more condensed molecules. 

2lausible a l ternat ive scheme for  the main pathway to carbon formation 

i s  therefore  of the form 

Catalyt ic  e f fec ts  enhancing 

This i s  n o t  the case as  noted above. Further, 

I 

which involves 1,2,4.. * .  benzene nuclei  ra tner  than the 1,2,3.. . . 
sequence of ( 2 ) .  According to the above scheme, since the bigger 

molecules are more reactive,  the overal l  r a t e  should be controlled 

by the f i r s t  few steps,  namely, 



Qualitatively,  we can l e t  approximate carbon and since 

reactions (6) (a) and (b) are  intra-molecular hydrogen eliminations 

which one would expect to be f a s t  compared to the bimolecular hydrogen 

elimination s teps  (4) and (51, the reactants  of (5) can, i n  e f fec t ,  

be considered to y ie ld  the products of (6b). 

of the al ternat ive benzene 

The essent ia l  components 

carbon pathway are  thus 

of which (4) i s  a homogenous gas-phase reaction, unaffected by coke, 

whereas (5) can be catalyzed by coke product. 

Kinney's data for benzene pyrolysis to carbon may be modeled by a scheme 

of two sequential  react ions (4) and (5) simplified such t h a t  (a) both 

react ions are k i n e t . i q c . 3  1;_?3i+pd i:: ~ \ c  fc,-;L-,-c: < ~ - , - s c ~ s f i j  &-A (b) 

react ion (4) i s  a t  equilibrium while (5) i s  k ine t ics  controlled. 

(b) i s  the more plausible  f o r  the bulk of the data, but some o f  the 

experimental trends at low conversions a t  the lower temperatures are 

qua l i ta t ive ly  as predicted f o r  case (a). A combination of cases (a) 

Case 
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and (b),  i n  which both forward and backward react ion rates are considered 

for (4) while (5) i s  assumed kinetcs  controlled in the forward direct ion,  

would probably describe all of  Kinney's data  adequately. 

Fin-, we consider the e f f e c t  of hydrogen on carbon formation. 

overa l l  equilibrium, discussed e a r l i e r ,  shows t h a t  increasing hydrogen/ 

hydrocarbon r a t i o s  and increasing total pressure both re ta rd  carbon 

formation a d  enhance gasif icat ion.  

recognize t h a t  there e x i s t  a t  l e a s t  two types of routes to carbon, 

namely, by surface react ion and by gas-phase reactions.  It i s  n o t  

obvious how these combine. The carbon formation model formulated 

above i s  primarily a homogeneous gas phase model and its s e n s i t i v i t y  

to hydrogen must recognize that the gas-phase route is only one of 

several  possible p a r a l l e l  pathways to carbon. The presence of subs tan t ia l  

hydrogen w i l l  tend to enhance the back reactions f o r  both (4) and ( 5 )  

and, c lear ly ,  the forward k ine t ics  only,  scheme (a) ,  w i l l  not  be adequate. 

The m a x i m u m  conceivable carbon formation t h a t  can occur i s  when react ion 

(4) i s  a t  equilibrium (this gives the maximum diphenyl concentration) 

and reaction ( 5 )  i s  not  retarded by products (even though hydrogen i s  

a product). 

The 

Kinetically,  however, we have to 

T h i s ,  of course, i s  precisely scheme (b) considered above. 

115 



KlNECTlCS OF AROMATIC HY DROGASlFlCATlON 
SUMMARY OF EXPERIMENTAL DATA FOR AROMATIC 

HY DROGEMOLY SIS AND PYROLYSIS 
Run Conditions Reactor 

Temp, Press HC Residence, 
Compound Source Type -- 

Benzene 1 
1 

2 
3 

Di ph eny I 3 

1 

4 
Naphthalene 2 

3 
Anthracene 1 

3 
Chry sene 3 

5 

H 
P 
H 
P 

P 
H 
H 
P 
H 
P 
P 
H 

U 
I #  

Atm Mol Fr. Diluent Type Set --- K -  

873*1,123 50 
873-1,073 50 
800.973 200 

1,073-1,373 1 
1EO orn 
I UU LJU 

1,0734,373 1 
773 200 

838-958 200 
1,073-1,273 1 
923-1,073 50 

1,073-1,273 1 
1,0734,273 1 

723 70 

0.10 
010 
0.15 
0.10 

0.05 
0.05 
0.1 0 
0.02 
0.04 
0.01 

0.005 
0.13 

n ar  
U.J3 

F 
F 
B 
F 
ii 
F 
B 
B 
f 
F 
f 
F 
B 

Sources: 1. Dent, FJ.; 43rd regar! n! !he !&? !hserrs!! Ccr?,zi!!?a, Kkk 

2. Schultz, E.B. and M.R. linden, Ind. Eng. Chem. 49, 2011, (1957) 
3. Kinney,C.R. and E. Delbel, Ind. Ing. Chem. 46, 548 (1954) 
4. Lang, K. and F. Hoffman, Brenstoff-Chemie 19, 203 (19291 
5. Orlow, N.A. and N.D. lichatschew, Ber., 6 3 ,  719 (1929) 

6as Council, (19391 

Abbreviations: H -  Hydrogenolysis P. Pyrolysis B- Batch f -  Flow 
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60 
60 

1,000 
2 - 4 0  

1u4 
2 - 4 0  
2x10' 
1,000 
2-40 

60 
1 -40  
2 - 4 0  
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Table 1 
( S l i d e  5) 

i 

\ 

i 

Cracked A t  
Inve s t i pa to r  Feedstock Press. H;! 

Kunugi, e t  61 C2H4 1 No 

5% 1 No 

Paraff inic  1 No 

Naphtha 10 Yes 

Kunugi, e t  a 1  

Stone & Webster 

Moignard, e t  al 
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Pounds c& 
Per 

Pound CHL 

1.4 

0.7 
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MODEL AROMATIC MOLKIJLIES 
Table 2 
(S l ide  6 )  

KINETICS OF AROMATIC HY DROGASlflCATlON 

RINGS NAME STRUCTURE FORMULA Tb, F 

1 BENZENE 0 c6 H6 176 

2 NAPTHALENE ClOH8 424 
1 

DIPHENY 1 o+ C12H10 491 I 

k 

1 

3 ANTHRACENE C14H10 646 

PHENANTHRENE & ~141110 643 

4 PYRENE C16H10 740 
L 

827 Y CHRYSENE C18H12 
i 

118 



Table 3 
( S l i d e  7) 

I KINETICS OF AROMATIC HY DROG ASIFICATION 
REACTIVITY TO METHYL RADICAL ATTACK \ 

‘1 DELOCALIZATION EXPERIMENTAL REACTION 
COMPOUND ENERGY RATE RELATIVE TO BENZENE (‘1 

8 

BENZENE 1.155 

OIPHENY 1 1.032 
1 

NAPHTHALENE 0.904 

1 PHENANTHRENE 0.899 

’ CHRYSENE 0.833 

4 PY RENE 0.755 

J ANTHRACENE 0.632 

1 

5 

22 

27 

58 

125 

820 

h 

/ 111 Data from l e v y  and Swart, I.A.C.S. 77 1949 [1955) 
I 
J 
t 
1 
1 

3 
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Table 4 
(S l ide  12) 

KINETICS OF AROMA TIC H YDROG ASIFICA llON 
ARRHENIUS PARAMETERS FOR 

A RO M ATlC 0 ECO M PO SlTlO N RATES 
1 H[l,OOO O K ]  

A E* Half=life, 
COMPOUND Sec Kcal/Mol Sec 

BENZENE 4 .4~10 * 52.6 499 ' 

DIP HEHY L 1.6X1U7 43.1 118 

NAPHTHALENE 4 . 5 ~ 1 0 ~  36.8 171 

CHRYSEHE 3.4~10 33.5 43 
. *  

ANTHAAIENE 1 . 8 ~ 1  O 5  30.7 20 
: \ 

Note: k,  = A exp (=E*/RT] 

1 '/2 = half-life = (0.693/k1 ] 
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Figure 2 
(Slide 2) 
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Figure 3 
(S l ide  3) 

I 

'\ 

22 

20 

18 

16 

14 

- 12 

8 
I- 
3 
0 
-I 
W * 
g IO 
w 
N 

W 
2 8  
m 

6 

4 

2 

0 

ETIIYLENE 81 P OPY LENE PYROLYSIS 
[YIELDS AS % FEED CONVERTED) 

/ 

/ 
/O 

PROPYLENE 0 7 
O 

/ 
0 2 4 6 8 IO 12 14 16 18 20 

METHANE YIELD WT Yo 

J 

123 



Figure .!+ 

( S l i d e  L )  
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(Slide 8 )  
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Figure 6 
(S l ide  9 )  
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Figure 7 
( S l i d e  10) 

EFFECT OF COKE ON PRODUCT DISTRIBUTION FOR BENZENE PYROLYSIS 
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Figure 8 
( S l i d e  11) DECOMPOSITION RATES FOR SELECTED AROMATICS 
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RELATION BETWEEN ACTIVATION AND DELOCALIZATION ENERGIES 
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EFFEET OF OPERA'CING VARIABLES ON GASIFICATION OF AROMATICS 
Figure 10 
( S l i d e  U) 
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